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Abstract 
As a natural product of the forest management process small diameter round timber is 
currently thought of as low quality timber where it is mainly utilised by the pulp and paper 
industries, or alternatively it is used for fencing or landscaping. In its natural form small 
roundwood has significant strength benefits over its sister material sawn timber, yet these are 
not realised by designers. Furthermore, the timber's environmental qualities are significantly 
superior to other construction materials, not only from the aspect of manufacturing but 
throughout the timber's working life. However, only when these attributes are appreciated by 
designers including the timber industry, and are supported by design information and 
demonstration structures, will this timber form be fully recognised as a structural material. 
This thesis presents a detailed investigation into two significant areas of timber design, 
namely mechanical strength in bending and compression and the embedment strength for 
design of timber connections. Two softwood species were tested in the programme and these. 
were the main commercial species harvested in the United Kingdom: Scots pine (Pinus 
sylvestfis) and sitka spruce (picea sitchensis). Each species was felled from only one forest, 
and although a statistical analysis showed the strength parameters of the logs to be normally 
distributed, it is suggested that further investigation is performed on logs from different stands 
to establish the scale of variability between the forests. 
The logs demonstrated high bending strength grades which is attributed to the circular form 
and continuity of wood fibre. In the case of the compression strength, lower grades were 
achieved and, therefore if grading was based on the lower grade it would be to the detriment 
of the timber's high bending strength. The knots were found to be one of the key mechanisms 
in the mode of failure for all the tests. Of the two species tested, the Scots pine was found to 
be the better quality material, because of its overall appearance and straightness. However 
this may be due to the good forest management and soil fertility and thus should be 
considered atypical. The sitka spruce is accepted as probably being representative of this 
species. 
Density measurements across the log showed the density to vary by as much as 32% with the 
highest density being found in the outer section. The embedment strength was investigated 
experimentally and numerically, with the ABAQUS finite element programme being used in 
the latter case. A new experimental method, based on the European method, was used to 
measure the embedment strength with the aim of testing the log in its entirety. However, non- 
elastic bending was found to occur in the fastener. For the numerical analysis, the non-linear 
load displacement analyses showed reasonable correlation with the experimental data. 
Similarly, the bearing stresses under the dowel exhibited acceptable results which enabled an 
investigation to be carried out in to the relationship between embedment strength and density. 
The results showed that consideration should be given to the load carrying capacity of joints 
in small round timber due to this density variation. 
This work represents the first significant body of the technical data needed for the 
exploitation of small roundwood as a structural material. This timber form has a promising 
future if the foundations provided by the present work are developed further. 
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Chapter I 
Introduction 
1.1 The potential for roundwood in construction 
Since man's first need to construct shelters and provide protection from the elements, wood 
has provided a natural choice. As a ubiquitous renewable product of nature, wood became a 
primary material in the development of civilised life where it is used in construction, 
furniture, joinery and, more recently, numerous paper and board products. Wood is also a 
natural choice for structural applications. It is becoming increasingly important to be aware of 
the environmental implications when choosing a material for a particular structural function. 
Furthermore, with the continuous introduction of legislation controlling material utilisation 
and waste, the designer needs to look beyond a material's mechanical properties. Wood has 
significant environmental benefits, particularly, it is sustainable and it acts as a carbon sink 
during its working life. 
Following man's initial use of roundwood to build shelters and accommodation, a preference 
developed for the rectangular form, due to its simplicity of design, processing and 
construction. The utilisation of round timber thus diminished. Prior to the development of 
machinery to cut the timber (e. g. steam saws) manual sawing had been the only method 
available. The use of sawn timber was dramatically advanced in the 20, century by prolific 
research, for many different species, into the properties and behaviour of sawn timber, and 
significant work was carried out by BRE1 in the latter half of this century (Sunley, 1968; 
Curry and Tory, 1976). However, small diameter round timber also has many attributes and 
benefits which are currently not realised by the timber industry and the timber consumer. It is, 
therefore, only through research and marketing that the development of small roundwood can 
1. BRE - Building Research Establishment, Watford, UK 
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take place. It is, after all, the form which nature, with its economy of evolution, has developed 
for the structural integrity of timber. 
Prior to the discovery of iron, man's two natural materials for construction were timber and 
stone; the latter was largely dependent upon the geological formation, whereas the former was 
generally in abundant supply. The use of round timber for construction, in Northern Europe, 
has been dated back to neolithic man. In the UK round timber acted as columns and roof 
timbers to build shelters (Acland, 1972; Davey 1961); and through the iron age up to the 
Norman times, round timbers were used for building stave churches in many of the east 
European countries (Hansen, 1971; Foliente, 1995). The last century has seen the only 
sizeable use of roundwood construction typically limited to log cabins where the logs are laid 
horizontally on top of each other, and even this construction has generally been confined to 
Scandinavian countries. 
From an environmental viewpoint, the use of fossil resources such as oil, coal and natural gas 
releases greenhouse gases into the atmosphere raising the trace levels of these gases and 
intensiýýing the greenhouse effect. Carbon dioNide (CO2) is considered to be the most 
important of these gases. In contrast, timber is a natural carbon store with carbon only being 
released when the timber decays or is burned. Poles and posts are seen as one of the better 
wood products for storing carbon (Wegener and Zimmer, 1998). Further attributes are that 
timber has little waste, with use being made of all by-products in the form of bark-, chips or 
sawdust. Also, comparing the energy consumption used to produce different building 
materials, timber is shown to be considerably lower than concrete and steel (Buchanan and 
Bry Levine, 1996). 
Britain's forest coverage is only 11% of the total land area and with a consumption of 0.82m 3 
per person per year the demand is considerably higher than the supply (FICGB, 1998). 
Consequently, timber imports amount to about 95% of the total timber utilised. The timber is 
utilised in many forms such as sawn timber, board products, paper and pulp. Sawn timber is 
typically taken from mature trees which are extracted at the later stages of the forest's life, but 
the remaining products are manufactured from small diameter round timber, often referred to 
as thinnings. These thinnings are part of the natural forest management process, generally 
referred to as silviculture. Silviculture can be defined as the art of growing and tending trees, 
and is essential in developing the best quality trees from a forest stand. Thinning is one of the 
most powerful tools that a forester has in developing the quality and quantity of the final 
stand. The process generally takes place every 4 to 5 years. Currently, about 95% of the 
thinnings are consumed by the paper and board producing industries while the remaining 5% 
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is used for fencing and similar rustic products. Owing to the large volume of thinnings that is 
generated the supply of the material is greater than the demand, and subsequently the value 
put on the timber is low. 
Overall the material is considered to be of low quality and with low prices being offered by 
the timber and paper producing industries. Nevertheless the small diameter round wood has 
several attributes over sawn timber some of which are structural benefits. Previous research 
into the structural applications of small roundwood has been very limited and, therefore, the 
following work is novel and it is hoped will provide a significant contribution to advancing 
the use of small roundwood as a structural timber. 
Demonstration projects promoting the use of small diameter round timber are few, but an 
imaginative project where several roundwood structures have been built, starting in the 
1980's, is Hooke Park in Dorset (Burton et aL, 1998). The buildings could be classed as 
unique examples of how advanced engineering design can be applied to roundwood, rather 
than the more traditional engineering practices. This is due to the fact that the architects and 
engineers behind these designs are known for their individualistic styles which have been 
reflected in the structures. However, they have shown that small roundwood can be used very 
effectively as a structural material. A detail of one of the structures is shown in Figure 1.1. 
A further example is a prototype structure which uses small diameter round timber for the 
members of a space frame roof to a barn. This project was initiated in the 1980's, by ADA S2, 
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and it was constructed at their agricultural centre near Winchester. The building shows how 
this low value material could be used to build agricultural structures, because this was seen as 
one of the main potential areas for using this material. Jointing required a splice plate located 
in the ends of the log with two tubes passing through the plate and wood, wire lacings were 
then passed through the tubes and tightened around the timber using a specially designed 
lacing tool. However, later comments reported that the joint was complicated and expensive 
to manufacture and outweighed the benefits of using thinnings. Subsequently, only one of 
these barns has been constructed in the UK. The designer of the lacing tools has been 
instrumental in building several structures in Holland, but again these are individual 
structures. These engineered buildings are fine examples of the potential for thinnings, but the 
material is in abundance and examples need to be built based on simple engineering 
principles which can be simply realised, rather than using professional craftsmen and 
engineering expertise. Demonstration that little technical skill is needed to use this material, 
should remove a potential barrier to its widespread adoption for construction. 
One example of this type of structure, located at the Glasfryn Fencing Centre 3 in north Wales, 
is shown in Figure 1.2 where local small round timbers have been used to build a wood drying 
shed. Here the primary timbers are small roundwood and the cladding is also formed using 
half round timbers. The connections simply comprised nailed metal strapping and bolts. ft is 
this type of structural form that could, therefore, provide one of the promising rural market 
areas for the small roundwood. 
2. ADAS - Agricultural and development advisory service 
3. Canolfan Ffensio, Glasfryn Fencing Centre, 1,1, anaelhaearn Road. PwIlheli. Gwynedd- L1,53 6RN 
1.1 The potentialfor roundwood in consiruction 4 
Figure 1.2 Wood drying shed built from small roundwood 
1.2 Limitations on the structural use of small roundwood 
Previous work on the structural applications of small roundwood has been limited, mainly 
because the material has not been appreciated for its structural significance. A lot of work has 
been published on the silviculture of trees, by the forest industry, looking at the different 
aspects of growing the trees and how the best crop yields can be achieved; but to the author's 
knowledge no work has been produced on developing the use of thinnings in construction. 
Thinnings are normally harvested mechanically using a harvester to fell and cut the tree to the 
desired length, while a forwarder collects the logs and transports them to the roadside for 
loading onto haulage lorries. Selection can be carried in two ways, either the logs are selected 
at the felling stage and transported to the roadside as "structural" thinnings, or they are 
selected at the roadside from all the other logs. A research project by Pietild and Herakarvi 
(1998) in Finland found that the former method was marginally more economical. On 
mountainous or sites with difficult terrain manual methods are generally used which involves 
a man and a chainsaw. Some of the very steep sites will require a cable and winch to get the 
logs to a suitable haulage point. 
Processing the round timber after felling normally only requires removal of the bark, and 
there are two methods for debarking, manual and mechanical. The manual method requires 
the use of a debarking iron. Although labour intensive, the damage to the cambium layer is 
minimal since it is only the bark that is removed. For the second method the logs are passed 
against a high speed rotating chisel blade, however, this method may require the logs to be 
passed through the machine twice since the irregularities in the surface cause parts of the bark 
to be missed. This method can remove part of the cambium layer which causes the outer 
fibres to be cut, resulting in a possible loss of bending strength. The logs used for the present 
programme of testing were mechanically debarked. 
The two areas that are considered to be important if the utilisation of small roundwood is to 
be advanced, are the knowledge of the material's strength characteristics and the engineering 
details on the design of "low tech" joints. There is limited information on these two areas. 
Typically, round timber research has been on transmission poles. This large round timber is 
much larger in diameter and is generally taken from more mature trees. The normal test 
methods are related to how the pole would react in practice, in a cantilever action. Although 
this research provides some insight into the mechanical benefits of roundwood the 
information on the bending and compression strength of small diameter round timber is 
limited. This is, therefore, an area where a significant development of design data will be 
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needed to enhance the use of the material. In contrast, the plethora of research on sawn timber 
has meant that there is copious information for many different species (Lavers, 1983). 
Timber connections is a vast subject area and is one which will continue to be researched for 
many years. Former research has focused on sawn timber connections with different fastener 
types being considered, a few papers are available on round timber connections but not on the 
scale of sawn timber. These publications have tended to concentrate on the more engineered 
type joint and different types ofjoint configuration, for example, where splice plates and bolts 
are used. As mentioned above, the way forward in order to promote the use of small 
roundwood is to develop the area of simple connections, using 'off the shelf' materials. An 
interesting piece of work on the theme of engineered joints, and briefly mentioned above, was 
performed by Huybers (1987; 1990) who looked at placing a wire lacing around the timber to 
improve the strength of the joint. However, these connections are only one aspect of the 
potential types ofjoint that could be developed for roundwood. Within the last twenty years a 
large programme of work has been carried out to establish a series of equations for designing 
timber connections; one of the main parameters in the design was density. This work was for 
sawn timber and board products using different types of fasteners, and used only one value for 
the density of the timber (Smith and Whale, 1987; Whale et aL 1989). Yet, it will be shown in 
this thesis that small roundwood can show a significant density variation across the log's 
section. It is implicit in the standard equations that the variation could influence the joint 
properties. 
A more recent form of small diameter round timber is machine rounded timber where the 
timber is passed against a high speed revolving chisel. Concentric sections of timber are 
produced and the only limitation on the length available is the actual length of the tree. A 
range of diameters is available by this method. This process has several advantages over the 
debarked roundwood, such as its cylindrical shape which gives a regular section to work with, 
and has the potential to rationalise the joint design. Disadvantages with this form are that as 
much as 40% of the outer wood fibre is removed during the process (de Vries, 1999), and the 
outer fibres are damaged as a result of this machining causing potential loss of bending 
strength. Thus it is most probable that the milling process effectively limits the timber's 
strength. 
1.3 Outline of thesis 
As was implied in the preceding section the amount of previous work- relevant to the 
structural uses of small roundwood is severely limited and this is reflected in the dearth of 
directly apposite literature. While this is summarised in Chapter 2 of this thesis, the literature 
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has also been researched for work in other areas that may be transferred to the present project 
(with or without modification). Two areas that are considered are those of transmission poles 
(large roundwood) and conventional sawn timber. The volume of literature on the latter is 
very great and the work included (section 2.3 on page 19 ) is thus highly selected. 
Both conifer and broadleaved stands can provide thinnings. However, for this work only two 
conifer species have been considered, Scots pine (pinus sylvestris) and sitka spruce (picea 
sitchensis). These two species were chosen because they are the two main commercial 
softwood species in the UK and are considered to be the most commonly available. The work 
could, however, be extended to other species, subsequently broadening the knowledge and 
information on conifer and broadleaved thinnings. 
The typical diameter range for small diameter round timber is from 80 to 150mm. and lengths 
of up to 6.00m. would be practical, although for this work 4.00m lengths were ordered. 
Selection of the timber should be based on the minimum number of properties, which means 
that the forester only has to look for a few features on the tree when selecting the stem. 
Specifying too many features will add time and cost to the operation, making the timber more 
expensive. Two easily identifiable characteristics are straightness and minimum taper, and 
these were the two requirements stipulated for the timber used in the present research. 
Density, knot area ratio, curvature, taper, geometric pith, average diameter, spiral grain, taper 
and crack width are all parameters that could influence the strength of the round timber. These 
properties were recorded for each log and how this was achieved is discussed in Chapter 3. 
Measurement of these parameters is relatively straightforward and standard measuring 
equipment can be used to record each one. The significance of these properties will be 
realised in Chapter 4 where a statistical analysis is performed to look at their influence on 
bending and compression strength. 
Bending strength is considered to be the most utilised timber strength parameter and 
consequently it was one of the roundwood strength properties tested. In addition to this the 
compression strength parallel to the grain was also measured. Shear and tensile strengths were 
not investigated due to the difficulty of setting up the test procedures. Formulae for 
determining these, for sawn timber, are given in BS EN 384 (1995) which use the bending 
strength as the only known parameter. Existing standards formed the basis for the test method, 
although certain changes had to be made to accommodate the round timber. This is reviewed 
in Chapter 3. 
Statistics can be described as a method for collecting or processing or interpreting 
quantitative data (Rowntree, 199 1). Data distributions can be compared with their populations 
1.3 Outline of thesis 
and hypothesis testing allows results to be analysed and accepted or rejected according to 
certain criteria. Furthermore, regression analysis allows relationships to be established 
between properties; and the significance of these relationships can also be estimated. 
Acceptance limits can be set to establish safe working limits, which are particularly relevant 
to timber owing to its variability. Previous grading methods used traditional statistical 
parameters such as the mean and the standard deviation, whereas new code requirements 
(BS EN 384,1995; EC5,1994) consider the 5'ý'percentile and all European timber grading 
research is expected to be analysed in this manner in order to develop strength grades. 
Chapter 4 looks at the statistical relationships for the small diameter round timber based on 
the parameters recorded in Chapter 3. In addition, strength grades will be proposed in bending 
and compression parallel to the grain based on the strength classes given in BS EN 338 
(1995), as no grades currently exist for small roundwood. New equations will also be 
established for determining these strengths using the most influential roundwood properties. 
This information will be paramount in the development of small roundwood as a structural 
material since currently no detailed strength information is available for the two species 
tested. It is only when designers receive this information that the strength benefits of the 
round timber can be realised. This work will also complement future jointing work which is 
another area where there is a need for further research. 
Within the last twenty years there has been a significant change in the way timber joints are 
designed. Based on the original work by Johansen (1949), who developed the yield theory, 
equations were established that allowed different joint configurations to be analysed. A 
parameter established from this work was the embedment strength, which is the bearing 
strength of the timber below a fastener whilst under load. Determination of the embedment 
strength is best achieved by experimentation, but this is often not practical so an empirical 
formula has also been given for sawn timber. The formula uses two of the joint's material 
properties to calculate the embedment strength which are the timber density (p) and fastener 
diameter (d). 
Measurement of timber density is traditionally based on the gravimetric density, although 
Chapter 5 reports on the use of four methods, each of which may be used to determine the 
density of roundwood. The gravimetric method is considered first and is followed by a 
method using an industrial piece of equipment. This device (based on a drill) is generally used 
for decay detection in timber, but experimental testing has found a relationship with density. 
The only damage to the sample using this method is the small hole left in the timber, whereas 
the gravimetric method requires samples to be cut from the timber (i. e. it is destructive). The 
equipment is also portable making it suitable for in situ testing. 
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The third method is a sophisticated technique based on X-ray computer assisted tomography, 
which has potential to provide measurements in three dimension. While it is valuable as a 
research tool it is too elaborate for routine use. The final method is called the pycnometric 
method which uses helium displacement to determine the density of the actual fibres in the 
timber. 
All the methods used show that there is a density variation across the log, with the 
characteristic trend for the higher density to be found towards the edge of the log. It is the 
average density which is used for the analysis of a joint, which is sensible since the density 
variation in sawn timber is small because the timber is usually taken from mature trees, which 
contain negligible juvenile wood. However, the round timber includes a significant amount of 
juvenile wood which may be expected to exhibit density variation and to warrant 
examination, since such a density variation may affect the overall bearing strength. 
For the measurement of embedment strength the British Standard BS EN 3 83 : 1993 has been 
published. The standard limits the width of the specimen to four fastener diameters (4d) and 
assuming typical fastener diameters of 16 and 20mm for small roundwood the test is not 
practical, if the sample is to be tested whole. The reason for restricting the sample width to 
(4d) is to negate bending in the fastener so that an even load is applied across the dowel. 
Chapter 5 investigates a test method for determining the embedment strength of small 
roundwood without cutting the sample; the load is applied to the fastener at three points. To 
test for bending in the dowel, strain gauges were fitted to the top of the dowel. Comparative 
tests were carried out using the American approach to establish the bearing strength, but in 
this situation it was found necessary to cut the sample in half; resulting in a loss of fibre 
around the dowel. Further tests, based on the standard (BS EN 383 : 1993), were performed 
on roundwood samples, but since sample width was limited to 4d and 2d, the samples had to 
be cut from the roundwood. These samples were also fitted with strain gauges to see if 
bending occurred in the dowel at the prescribed widths 
Numerical modelling is a useful modelling tool offering the opportunity to look at different 
connection parameters and their effect, and in Chapter 6, modelling using Finite Element 
Analysis (FEA) was carried out for three of the experimental embedment tests described in 
Chapter 5. FEA is a well established technique for the successful modelling of many 
mechanical conditions and engineering problems (Patton Mallory, 1997a; Guan, 1996). 
However, the use of FEA for studying timber is not as well documented as for other materials, 
due to its anisotropic characteristics. Consideration in the analysis needs to be given to 
characterising the material, and in the case of timber orthotropic properfies are used. 
Characterising the timber failure by FEA is not straightforward owing to the mode of failure. 
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Difficulties arise in getting the model to represent the fibre shear failure associated with a 
fastener at failure load. This is also discussed in chapter 6. 
It is clear that density affects the embedment strength, but it is difficult experimentally to 
estimate the influence the density variation has without cutting the samples, which defeats the 
object of testing the sample in its entirety. The models have been developed with the facility 
to input the different densities for the round timber; alternatively a uniform density can be 
entered. Admittedly there is always the need for confirmation of the results by testing, but 
numerical modelling allows analyses to assess the sensitivity of the test results to the test 
parameters such as the varying density. 
It can be seen, that the work discussed in this thesis looks at two key areas for developing the 
use of small diameter round timber as a structural material, namely, its strength grade, based 
on the bending and compression strength and the embedment strength for use in timber 
connections. Both are areas where there is need for further research owing to the numerous 
species available and this should, in time, include the broadleaved varieties. On the aspect of 
connections there will always be a demand for different joint configurations where safe and 
economics designs are used, and the designers' quest to develop the best and most aesthetic 
joint will be a major driving force in this work. Chapter 7 not only draws together the results 
that have been reported in earlier chapters in these two critical technical areas, but also sets 
out the specific work of the thesis in the overall context of the structural use of small 
roundwood from production to marketing. It includes a number of practical formula for use in 
design applications. While they are clearly only tentative, and require confirmation or 
elaboration, they represent a firm basis for development of future values. 
Chapter 8 reviews the objectives of the work along with a synopsis look at the specific 
contributions of this thesis in advancing the knowledge in the structural utilisation of small 
diameter round timber, and suggests some of the key areas in which further work is required. 
Finally, the overall objectives of this investigation are summarised in Table 1.1. 
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Table 1.1 Objectives of the investigation 
1. to significantly extend the existing limited knowledge on the bending and compression 
strength of small diameter round timber; the area of specific interest will be the values 
of modulus of rupture (MOR) and modulus of elasticity (MOE). 
2. to provide details on the method of establishing the MOR and MOE for small 
roundwood in bending and compression. 
3. to compare the existing formulae for deriving compression strength parallel to the grain 
from bending strength results, (currently, this is only considered for sawn timber), with 
test results. 
4. to carry out statistical correlation for the material properties (variables) significant to 
the grading of smaR roundwood in bending and compression. 
5. to investigate the embedment strength of small roundwood and how this might 
practically be determined, with particular consideration being given to the effect of the 
timber's density profile below the fastener. 
6. to compare the experimental results with those of numerical models for the three 
embedment tests using finite element analysis. The numerical models will be used to 
examine the effect of the density variation on the embedment. 
7. to further the structural use of small diameter round timber 
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Chapter 2 
0 Review of previous work 
2.1 Introduction 
This chapter will review the investigative work of previous researchers who have undertaken 
studies on small diameter round timber, in addition, it will discuss the work on other timber 
forms, namely large roundwood and non-round timber. There are definite similarities between 
some of the mechanical properties of these specific timber forms and those of small 
roundwood and in addition there is more published information on them. The previous work 
on these two forms of timber provides a sound foundation on which to base some of the 
investigative work detailed in this thesis. 
Large roundwood is the mature form of the small roundwood and clearly shares some 
common mechanical properties with it Previous investigations have mainly concentrated 
upon obtaining information on the material for its primary use in the market for transmission 
poles; the work on the large round form is generally focused on its strength properties. The 
literature review has also been extended to non-round timber, such as sawn timber, as there 
are many common areas, such as mechanical properties which are associated with this form of 
timber. However, owing to the amount of information published on these two timber forms 
(namely the large roundwood and non-round timber) the review procedure has concentrated 
upon the relevant mechanical characteristics of all three forms. 
The arrangement of the chapter will, therefore, follow the method in which the literature 
review was performed with the work on the small roundwood being discussed first. This will 
then be followed by the large roundwood and non-round timber. The key areas that are of 
interest were utilisation, strength characteristics, joints and numerical analysis. However, in 
the case of the small roundwood, the work on harvesting and marketing was included since 
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this was highly relevant to this study. Table 2.1 summariscs the amount of information 
available on each of the timber forms. 
Table 2.1 Summary of published information available 
Timberforms 
Property SR T LRT NRT Amount of 
Information 
Utilisation available 
Strength properties large 
Joints medium 
Numerical analysis small 
SRT = small round timber 
LRT = large round timber 
NRT = non-round timber 
2.2 Structural small diameter round timber 
2.2.1 Introduction 
Structural small diameter round timber is one of the forgotten timber forms in timber research 
with the majority of the work being carried out on sawn timber or other rectangular composite 
forms (non-round timber). The only area where there has been significant research into the 
testing of round timber is for transmission poles, and relevant papers on this subject are 
discussed in a later section (see section 2.3 on page 19). In order to develop the market for 
small roundwood it is important to establish the key areas of usage so that research can focus 
on these areas and develop the opportunities for better utilisation. The next section will, 
therefore, examine the previous work on the marketing and harvesting aspects of the small 
round form, and this will be followed by the utilisation and strength properties, with the final 
section discussing connections. 
2.2.2 Marketing and harvesting 
A market study carried out for the UK (Barnard and Griffiths, 1996) found that the main uses 
for the small diameter round timber would be in rural and agricultural situations, with very 
little urban use. These findings were paralleled to several other European countries (Finland, 
Austria and France) while in the Netherlands a more engineered material, such as machined 
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rounded timber, was seen as being the preferred timber form with the best market potential 
(Perald, 1997a, b). 
Harvesting the timber forms an important part of the process since it is important to obtain a 
reasonable quality material from the thinning process, while the poorer material can be used 
for pulping or chipping. Choosing between manual and mechanical harvesting is dependent 
on many parameters, for example terr ain and quantity, but in general terms Pietild and 
Herdjdrvi (1998) found that mechanical harvesting was the most commercially viable. 
Although the authors noted that the quality of the timber was affected due to the harvester 
operator not being able to see the tree quality; the tree moving rollers, which formed part of 
the harvesting head, also damaged some of the log's surfaces. The yield of thinning material 
suitable for construction use is dependent upon the quality of the soil and the forest 
siliviculture. In Finland it was reported that rich mineral soils produced the best stands where 
the construction timber yield was double that of an average quality soil. These poorer sites 
also increase the risk of growth defects in the timber, such as crook and butt twist (St6d and 
Pietild, 1998). The harvesting process and silviculture, therefore, play a significant part in the 
resulting production of timber of suitable quality for structural use. 
The next section will look at the papers that have been published on the small round timber 
starting with the early literature and then going on to the more recent publications. These later 
pieces of work come from a large research project carried out during a3 year European 
research programme (EU-CT-95-009 1), titled Round small-diameter timberfor construction. 
The project involved five countries, each looking at their own thinnings. This work has, 
therefore, provided a good foundation on which to continue the work on small roundwood 
and several of the references will be used to discuss the findings from these countries. 
2.2.3 The strength and uses of small roundwood 
Darby (1987) was one of the first visionaries of small roundwood's strength attributes when 
he saw the benefits of the timber's high strength and low material cost in comparison to that 
of sawn timber. He appreciated that the material's non-uniform section created problems with 
connections, and in particular the difficulties with splitting and construction of bolted joints. 
To resolve this predicament of splitting Darby investigated the use of a laced joint where the 
timber was strapped using a wire lacing; an increase of 35% in the design strength was found 
using this technique. A prototype building was also constructed using this laced joint to 
demonstrate the practicality of utilising the small round timber and this connection, but the 
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building cost 25% more than the cheapest alternative. This expenditure was attributed to the 
amount of labour involved, lack of familiarity with the small roundwood and the use of non- 
standard components. A detail of the roof structure is shown in Figure 2.1. 
Several papers have been written on simple structures which utilise the small roundwood 
(Caunt, P., 1995; Hart, E., 1991; Owen, J., 1993). These structures vary from crux type 
structures where the timber is curved, forming the typical arch shape, to the basic lean-to 
sheep shelter, and finally the rustic garden pergola. All of these offer uses for small diameter 
round timber. 
As part of the European project mentioned previously, Ranta-Maunus et al. (1998) tested 
Finnish Norway spruce (picea abies) and Scots pine where the timber was put through a 
programme of tests in bending and compression. They studied several variables such as 
density, dimensions, curvature, growth ring width, knot sizes as well as stem curving and 
checking. Bending strength was found to be fairly high, even though the roundwood 
contained a large proportion ofjuvenile wood. There was a large variation in the compression 
data due to the different moisture contents at which the timbers were tested. The authors add 
that the moisture correction formula in BS EN 384 (1995) may not be adequate for round 
timber. For the multiple regression models the knot sum (ks) was seen as being the best way 
of expressing the knot influence on the model, instead of the knot area ratio (KAR) which is 
normally used. A further key variable was density which showed a strong influence on the 
strength properties. By deriving the characteristic values (f,,, E., f,, O, Ec, O) the authors have 
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Figure 2.1 Detail of roof structure to ADAS barn, Winchester 
proposed a C30 strength class for the Finnish timber, this is a preliminary value based on their 
initial research. 
The Dutch member from the European project (de Vries, 1998) tested home-grown larch 
(Larix kaempfer! (LAMB. ) CARFL) where the timber was tested in two forms: machine 
rounded and debarked. The machine rounded timber was tested in three diameters 100,120 
and 140mm. This species demonstrated very good qualities in bending and compression 
qualifying for a C40 grade (BS EN 384 : 1995). Density measurements (at 12% moisture 
content) were also high for the larch with the lowest average density being 574 kg/M3 for the 
different diameter categories. The author does comment, however, that this is only one sample 
of Dutch larch and how representative this is of other larch stands is unclear and would be 
subject to further investigation. 
Austria uses timber vigorously for its structures and it is now developing the area of small 
round timber. From its early utilisation in the mountains where it was used on steep slopes to 
form farm sheds and stores, the round timber is now being developed for other agricultural 
uses such as equestrian schools and livestock shelters. The small round timber is also used to 
form the cattle pens within the sheds. In addition small and large diameter round timbers are 
used together for some of the buildings with the bigger section forming the primary structural 
members. The Austrians are also strong believers in not using preservative in their timber and 
overcame the problem of decay by using good detailing to prevent the timber having to 
sustain moisture contact (Schickhofer, 1997). 
2.2.4 Small roundwood connections 
Appreciating the fact that timber splits, (Huybers, 1986; Huybers, 1990) sought to develop a 
joint which used a lacing that was wrapped around the end of the timber. The lacing was 
applied to the end of the log, using a specially designed tool; the number of lacings was 
dependent on the joint type. Typically the joint would consist of a centre plate cut into the 
timber with perpendicular dowels or tubes being passed through the timber and plate. Lacings 
were then placed around the timber or through the tube, and tightened with the special lacing 
tool. The lacing would act once the timber reached a certain point of load by preventing the 
timber from expanding outwards, thus reducing the loss of shear stress resistance between the 
longitudinal fibres. Houtman (1998), established that the design equations given in EC5 
(1994) could be used for the design of a laced joint providing the joint was configured so that 
a mode two failure would occur in practice; a mode two configuration was characteristic for 
the laced joint. It has been observed by the author of this thesis that when the timber shrinks 
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the lacing becomes loose therefore negating its effectiveness under load. Consequently, it is 
important that the lacing is applied to the timber at the moisture content under which the 
timber will be used in working conditions. 
Previous works on small roundwood joints have each focused on one specific type of joint 
rather than attempt to find a universal connection that will complement this inexpensive 
material and can be designed using existing codes. Several authors (Paw et al., 1990a; Paw et 
al., 1990b, Lukindo et aL, 1997) have investigated these earlier techniques for making 
connections. One of the joints uses a thin metal plate that is flitched into the end of the log, the 
end of the plate has a prewelded fixing that enables it to be inserted into a node for use in 
space frame type structures. Securing the plate to the log is achieved by nails pneumatically 
driven through the timber and the plate. Preparation of the end of the log is also required: in 
the form of tapering to avoid congestion of the timber around the node. A clamped joint is 
also described which uses a plate wrapped around the log, this is then tightened by bolting, 
but, as the author points out shrinkage of the timber means that the bolts need retightening 
which is often impractical and labour intensive. The clamp does, however, reduce splitting. 
The authors discuss nail plated joints, which use a thin metal plate, that are preformed to 
various shapes and diameters and is simply nailed to the timber through perforations already 
made in the plate. This joint type is similar to a joint manufactured in Germany by Rudolph 
Feicht gmbhl and uses a pre-shaped perforated galvanised metal plate. Various diameter 
ranges are also manufactured. 
Two ftutherjoints are described, based on previous investigators' work; the first used a 38mm 
dowel passing perpendicularly through the log's longitudinal axis. The dowel is pre-drilled 
and threaded to receive a threaded rod which is passed down the geometric centre of the log 
through a pre-drilled hole. The joint is purely for axial loading and high strength values of up 
to 173.7 kN were reported. Tests were also performed by placing the dowel directly along the 
line of a split. The load capacity was reduced by as much as 50%. To enhance this type of 
joint with the dowel aligned with a split bindings were placed around the log and the joints 
exhibited strengths of up to 85% of those for unbound joints, with the dowel not aligned along 
a split. The advantage with this type ofjoint is that it allows the alignment of the dowel to be 
suitably chosen to avoid splits within the timber (Eckelman and Senft, 1995). The second 
joint, proposed by the authors, uses a ridged flitched plate located in a slot cut along the centre 
line of the log. Although it is actually not stated, the grooves for the ridges are understood to 
be pre-drilled prior to cutting the slot. To clamp the timber and plate together a bolt is passed 
I. Rudolph Fcichtgmbh, metailverabeitung, Amstorferstr. 10. D-84326 Zell, GermanY 
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through pre-drilled holes. Accommodating the curved surface of the timber is achieved by 
using flat-topped washers with a concave underside, where the radius of curvature of the 
washer is equal to the average radius of the pole. The ribs are reported as giving a 40% 
increase in strength over that of a smooth plate. The writers conclude that efficient joints for 
constructing low total embodied energy roof trusses and space frames can be achieved using 
small roundwood, and the reliability of the connection strength can be improved with 
auxiliary design features such as wire lacings, metal strappings, clamps and ridged connector 
plates. 
A system known as the light prestressed segmental arch (LPSA) was developed in order to 
provide a cheap, 'low-tech', efficient engineering solution using small roundwood for 
engineering constructions (Al-Khattat, 1989; IStructE, 1992). The system works by 
connecting the logs with metal sockets, and attaching to each socket a tube through which a 
cable is passed. The sockets can be manufactured in different configurations to accommodate 
different structural forms. Once the timbers are in place, the structure is stabilised by 
tensioning the wire, which has been passed through the tubes at the joints. As a result of this 
the members are changed to a state of compression. This technique was used for a few 
structures in Wales in the early 1990s and won an engineering award, however, its subsequent 
progression appears to be limited. 
Sluisetal (1998) have developed a block shearjoint which works on the principle of placing 
a metal block (typically 40x4Ox85mm long) in a square hole cut perpendicularly to the logs 
longitudinal axis. The block is predrilled and the hole is tapped. A hole is drilled down the 
centre of the log to the depth of the square hole through which a threaded rod is fed in order to 
screw into the block. The block is placed under a slight pre-compression load to remove any 
looseness in the joint, and to ensure the removal of any surface roughness between the timber 
and the block due to the milling out process. To achieve this, a metal disk is placed on the end 
of the log, over the threaded rod, and then tightened. The threaded rod can then be used to 
connect to different types of node. Strapping the end of the log was tried and it was reported 
that a 20% increase in the strength of the joint was established, however, due to timber 
shrinkage'the strapping is not favoured by the authors in the design calculation. Conclusions 
on this joint are that it is simple to make, relatively strong in comparison to other joints, and 
simple guidelines can be developed for the design of this type ofjoint. 
Lukindo et aL (1998) compared the test results from a series of tests on a flitch plate 
connection with the predicted yield load using the Yield Theory equations. This type of 
connection meant that the mode of failure would be a mode III failure, based on the European 
models. The authors found that the Yield Theory predicted the yield load capacity to within an 
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average of 8% of the test results. The largest average difference between the predicted and 
measured strength was no more than 17%. It was proposed by the writers that for oversized 
holes in the roundwood the mode III failure could be extended to a mode III* failure since for 
one particular joint configuration the mode III* failure reduced the difference between the 
measured and predicted yield strength capacity from 30% to 17%. This extended mode III 
failure was established due to the mode of failure seen in the tested poles. It was based on the 
fact that there was no back crushing of the timber from the bolt, the only crushing was found 
at the top of the dowel where it was being pulled into the timber. To find the embedment 
strength for the timber, the equation given in EC5 (1994) was used, including an average 
wood densityý No consideration was given to the density profile across the log; it will be 
demonstrated in this thesis that the density can vary by as much as 25%, with the lower 
density material being found in the middle of the (round) section. Therefore with the flitch 
plate configuration the lower density timber is being subjected to the highest stress as the 
dowel starts to bend. Overall the writers concluded that the Yield Theory can be used for 
bolted connections on round-cross section wood members. 
Numerical modelling is a valuable tool since it offers the chance to simulate numerous 
mechanical conditions to which timber might be subjected such as bending, compression and 
joint configurations. The versatility of the many modelling techniques available means that 
different approaches can be found to represent the various conditions, which previously 
would not have been considered. It also has the benefit of looking at the timber's properties in 
more detail than it would be practical to achieve experimentally. These methods offer the 
same opportunity for modelling small roundwood, which to date has not been considered as a 
suitable material for structural applications. Nevertheless, the investigation detailed in this 
thesis has demonstrated some of the structural attributes of this material. To the author's 
knowledge there have been no publications on numerical modelling of small roundwood. 
2.3 Large diameter roundwood 
2.3.1 Introduction 
One area of round timber that has been extensively researched is transmission poles, serving 
the communications and electric power industries. Since the nineteen fifties a steady 
programme of research has been undertaken on this timber form, particularly in the United 
States of America, Canada and the United Kingdom. It is reported that in the 1960s some 
6 million treated poles were produced yearly in America for utilisation as transmission poles 
(Wood, et aL, 1960). Although small roundwood is the infant form of the transmission pole, 
they both have similar properties and the work on the larger timber section can provide 
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valuable information in determining some initial strength properties and characteristics that 
might be expected for the smaller diameter timber. It must be pointed out that the test 
arrangements for the transmission pole are different to those for the small roundwood; the 
former are tested in cantilever mode due to the way the timber acts under working load. The 
following text will, therefore, discuss some of the relevant publications on transmission poles. 
2.3.2 Utilisation of large diameter round timber 
Large round timber is predominantly used by the utility bodies for transmission poles, these 
can be either free standing or strutted, to provide extra support. This timber typically has a 
minimum diameter of 200mm and uses trees that are more mature than the small roundwood. 
The alternative options for utilising this size of log are small in comparison to the amount 
consumed by the utility bodies. Other uses are for support columns to pole barns, and in the 
Scandinavian countries, this diameter of log is used to construct log cabins where the log is 
laid horizontally. 
Research reports were produced during the 1970s to promote the use of large diameter timber 
in the UK, other than for supporting transmission wires. These reports were mainly produced 
by fanning bodies, such as the UK government's agricultural section MAFF 2 (Kelly, 1976; 
MAFF, 1971). The types of structures detailed were mainly pole barns with round timbers 
acting as columns supporting the roof; cladding was added if required. The building shown in 
Figure 2.1 is an example of a roof being supported by large round timbers. 
At the beginning of the 1980s the UK government continued to publish research reports and 
guidelines for using timber in agricultural situations. The documents (MAFF, 1983; Darby, 
1984) were aimed at providing simple techniques for using the material, again primarily for 
pole barn type constructions. In the reports, examples were given where the vertical members 
were detailed as large diameter timber, and the drawings illustrated the connections at the top 
of the poles with simple strapping or bolts. 
In Europe, the use of large diameter timber is again largely based on the transmission pole 
market with many of the timbers being imported from Scandinavia (Hutchison, 1996). In the 
Netherlands one imaginative engineer has built a structure which forms the entrance to a 
theme park in Efteling. The structure is visually striking with five steeply pitched thatched 
roofs which rapidly sweep away from their pinnacles, a picture of the structure is shown in 
Figure 2.2 where three of the roofs are visible. Supporting the thatch and making up the roof 
structure is a complex arrangement of large diameter timbers which use splice plates for the 
2. MAFF - Ministry ofAgriculture, Fisheries and Food 
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connections. Although this structure is individual in design it is very eye catching and also 
highlights the opportunities for this timber form (Thompson, 1995). 
In the southern hemisphere, Australia and New Zealand have for a long time been advocates 
of round timber construction using the large round timbers for transmission poles or pole 
house construction. An abundance of supply meant these timbers were a natural choice for 
structures of this type (Boyd, 1961). In New Zealand pole construction was principally used 
for residential structures on sites of uneven ground or steep terrain (Walker, 1981; BRANZ, 
1982). America has been prolific in its utilisation of large round timber with uses comprising 
bridges, transmission poles, marine structures, housing, agricultural structures (USDA, 1999; 
WWPI, 1990; Wilkinson, 1968; AWPI, 1969). Brazil foresees the opportunity for using round 
timber as being vast (Partel and Calil, 1996) because residential structures made of 
roundwood could reduce Brazil's housing problem where the country has a deficit of 13 
million dwellings. The roundwood is seen as a quick and efficient way to provide suitable 
buildings to reduce this shortage. 
2.3.3 Strength properties 
Early techniques for determining timber strength properties of round timber were based on 
small clear specimens with the test procedure according to a British Standard (BS 373,1957). 
These results were translated to full size timbers, but this work was primarily directed at sawn 
timber. The ordy interpretation of these results for round timber was made by the utility 
industries for transmission poles which are outside the diameter classification of small 
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Figure 2.2 Entrance structure to the Efteling thenic park in IIoII and 
roundwood. It was rcalised that testing small specimens did not take into consideration the 
anomalies found in timber such as knots, spiral grain, density variation and fissures, and 
consequently standards for testing full samples were developed (BS 1900,1984; BS EN 384, 
1995). 
Wood et aL (1960) carried out a major programme of research into the strength of wood poles, 
comparing tests on small clear specimens with full size tests. The full scale test for bending 
strength is based on a cantilever action which represents the pole under working conditions. 
The test can be performed in two ways. One method is to anchor the base of the pole and then 
pull the top using a wire and winch; the other technique uses an asymmetrical three point load 
with the point load being applied near the base. The former approach was also used for 
European tests of overhead lines (prEN 12509). It was concluded that the small clear 
specimen tests demonstrated results 10% lower than the full scale tests. The authors point out 
that there is a clear relationship between density and bending strength, suggesting that this 
relationship could be a method for specifying the strength of poles, but it is an area for future 
work. They also comment that there was no significant difference in strength, for the round 
timber, between spiral and straight grained timber, this is in contrast to sawn timber where the 
fibres are cut Strength reducing defects are noted as knots, spiral grain and fissures. Based on 
the knot measurements, a 20% reduction in strength is proposed for a 635mm. circumference 
containing a knot of at least 63.5mm. or the total summation of the knot diameters at the whorl 
is over 125mm, this is however subject to further research. It is also worth noting that the tests 
for the transmission poles are carried out on saturated timber since this is considered to 
represent condition of the pole at the groundline. The treatment of the timber is considered not 
to be detrimental to the strength. 
Wood and Markwardt (1965) extended the work of Wood et aL (1960) to propose design fibre 
stresses for wood poles, this being based on small clear specimen tests and full size tests. The 
authors accepted that some discrepancies existed between the two tests, but broadly speaking 
the results were understood to be nearly identical. Factors considered in the analysis and 
interpretation of the strength data to derive the design fibre stresses included variability, form 
factor, moisture content and treatment effect. They also suggested that a form factor of 1.18 
can be applied to the sawn timber stresses to generate the equivalent round timber stress; this 
factor is also used in the current British Standard BS 5268 (1996). It is also suggested that 
seasoned timber with a moisture content of 20% can be increased in strength by a factor of 
1.10. This is thought to be a conservative esiniate but the writers raise concern over 
distribution of the moisture content through the section, Finally, preservative treatment is 
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noted as causing minimal effect on the strength properties with the exception of steaming, 
where a reduction factor of 0.85 is given. 
Moody (1981) reviewed the American standards for pole testing. He starts by talking about 
the two tests for transmission poles, the cantilever and machine method, concluding that there 
is surprisingly little difference between the results for both tests. Discussion then focuses on 
the standards for design of round timber such as piles, construction poles, logs for homes and 
utility poles. Of particular interest is the point Moody makes regarding construction poles that 
are used mainly for farm buildings. The designers use different stresses and loads, which 
result in the utility strength values being inappropriate. This is recognised in standard ASTM 
D3200, 'Standard Specifications and Methods for Establishing Recommended Design 
Stresses for Round Timber Construction Poles'. The American Society of Agricultural 
Engineers then established design values based on this standard, in the document ASAE-EP 
388, 'Design Properties of Round, Sawn and Laminated Preservatively Treated Construction 
Poles'. Although the author does not indicate that the standards cover small roundwood, it has 
been demonstrated that there is an interest in the development of round timber in America for 
uses other than utility poles. The American grading standards for timber have been 
progressive where the ideal was to find the most economic, and safe, use for the timber. 
Anthony and Bodig, (1998) have proposed a method where the 51percentile value is used. 
Ibis means the mean strength of the poles will be lower, yet the weakest poles will still be 
removed from the pole class. The authors also comment that this method significantly 
improves the accuracy of the strength prediction for a commercial pole class over the current 
method. 
2.3.4 Numerical modelling of large round timber 
Fundamental to an engineering design is accurate knowledge of the material strength 
properties. For large roundwood the taper, knots, growth rate and spiral grain make the 
strength prediction of individual poles difficult (Wang and Bodig, 1990). This problem was 
examined by Pellicane and Franco (1994a) who developed a three dimensional model to 
predict pole stress distributions, including the ability to forecast the failure load. Tlie model 
was unique because of its ablility to incorporate defects such as knots and spiral grain. It was 
found by the authors, however, that the scale of the model in terms of processing time was 
exhaustive on computing resources. This was overcome by using larger elements for the 
overall model but defining smaller mesh in the expected failure area. It was reported that the 
difference between the predicted and experimental results was only 7%. 
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The investigators successfully used fluid mechanics equations for laminar flow around an 
elliptical obstruction to represent the grain around the knot. The knots often crack due to 
drying and this was taken into account in their analysis by assuming that the axial tensile 
stiffness would be zero. Defining this in the model was achieved by decreasing EL and 
consequently the stiffness matrix (Pellicane and Franco, 1994b). The authors concluded that 
the model provided a rational technique to perform stress analysis on cylindrical wood 
structures. Although, one limitation was seen as the computing time and capacity needed to 
run the analysis, however, this was thought to be restricted only by current technology as 
computer power advances. 
2.4 Non-round structural timber 
2.4.1 Introduction 
It is clear from the amount of published research that sawn timber and other well known 
timber forms, e. g. I-beams, glue laminated timber and sheet material, have been the main 
focus of wood research over the last fifty years, with comparatively little work being carried 
out on small roundwood. However, the work on the sawn timber has provided a useful test 
bed on which to base some of the testing discussed in this thesis. Since the two timber forms 
share common properties it has enabled similar tests to be adopted for the round timber with 
adjustments being made where necessary to accommodate the round form. The following text 
will, therefore, selectively discuss previous research where similar properties are shared 
between the two forms, and have provided a useful reference for this research programme. 
2.4.2 Uses for non-round timber forms 
Advances in timber manufacturing processes have meant that the use of timber in many 
different structural forms has been prolific, not only from the variety of uses to which it is put, 
but also in terms of the vast amount of research which has been undertaken to develop its use 
and future potential. It is outside the scope of this section of the chapter to review this work in 
great detail, however, the following paragraphs will briefly discuss some of the more 
traditional rectangular timber forms and will then continue by introducing a few of the newer 
areas where timber is now being utilised. 
Sawn timber was the first variation of structural timber obtained from the round form and 
with the development of sawing technology, the squared section became readily available for 
general use in building. Early forms of sawn timber were of large section sizes, they were 
generally used in the construction of ships, and as load bearing members in buildings. 
Progressively the size of section was reduced as a greater understanding of the mechanical 
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properties of the timber was developed and, in addition, the timber was utilised in many 
different areas of construction; (70% of all softwood currently produced in the UK is used in 
construction (Desch and Dinwoodie, 1996)). The utilisation of the timber was widespread, 
with applications such as: - 
" the traditional carpentered roof to the now more commonplace trussed rafter 
" floor and ceilingjoists 
" timber framing, in particular, for domestic construction and more recently in light 
commercial office and multistorey residential accommodation 
" props for trenching and for mining, although now little timber is used for these 
applications 
" temporary works in terms of falsework. 
" the composite form of glue laminated timber where large sections and different shapes 
could be formed from small timbers glued together. 
The non-structural uses of timber are also vast, but they are not considered relevant to the 
present work, and will therefore not be discussed. 
More recently, developments in structural timber have been in the use of composites which is 
seen as being important to the future of structural timber (Mettam and Tictz, 1997). Areas 
where this technology is being deployed are in the form of LVL (laminated veneer lumber), 
PSL (parallel stranded lumber), LSL (laminated stranded lumber), and prefabricated 'I' 
beams. Timber composites are now becoming more widely available. The advantages of 
using these structural timber composites (STCs) include improved structural properties and 
dimensional stability, large sections and lengths, reduced overall wastage of the timber 
resource, less material variability, and aesthetic variety (Milner and Bainbridge, 1997). These 
composite forms have also been developed to incorporate fibrous materials such as glass, 
carbon and aramid, since these are seen as improving the strength and stiffness whilst not 
significantly increasing the density. A further area now being developed, with respect to 
connections, is the use of fibre reinforced polymers (FRPs). Again the inclusion of the 
composite material is seen as improving the strength and stiffness values and providing better 
compatibility with timber structures than with steel ones (Drake et aL, 1998). 
The developments noted above will play an important part in the future of structural timber, 
and although these uses have not yet been extended to roundwood there is potential for this to 
take place in the future. 
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2.4.3 Strength testing and grading 
Sunley (1968) comments that grading of sawn timber was originally based on small clear 
specimens, and reduction factors were then introduced to account for the inherent defects of 
the timber. The key factors that affect the strength of timber are noted as being knots, wane, 
slope of grain, rate of growth, pitch pockets, fissures, bow, spring, blue stain and decay, with 
the most influential being given first. These factors are then applied to the basic stress in order 
to obtain a safe stress for the members. He also describes the method by which timber is 
graded by using a two stage process. First the basic stress is established using the small clear 
specimens. This is described as a safe stress for an ideal structural member free from all 
strength reducing characteristics. The second stage is the assessment of the influence of 
defects on the strength. Owing to the variability of the results statistical parametric methods 
are applied using the mean and standard deviation following the normal distribution theory. A 
98% confidence limit was found to be acceptable. Furthermore, since the apparent strength of 
the timber is affected by other factors such as the rate of loading, the shape and size of 
specimen, and even over-loading it would be considered conventional to apply individual 
factors to account for these factors. However, instead of applying different factors for the 
different cases a more logical approach is adopted where one factor is applied to the figures, 
and value of 2.25 is used as the safety factor for pieces of minimum strength. Strength grades 
were developed in terms of a strength ratio, where four grades were defined, namely 40,50, 
65 and 75, representing respectively timber with strengths equivalent to 40,50,65, and 75 
percent that of clear timber. The grade stresses were, therefore, the basic stresses multiplied 
by the strength ratios. These grades were then introduced into the 1952 and 1967 versions of 
the BS Code of Practice CP 112 ne structural use oftimber 
Lavers (1974) carried out an extensive programme of testing, both physical and mechanical, 
on 210 home-grown and imported hardwoods in the green (unseasoned) and air-dried 
(seasoned) conditions. Tests were carried out on small clear specimens (20mm square cross 
section). The author explains that owing to the variability in the timber, not only between the 
species but also between pieces of the same species, the opportunity was taken to include the 
standard deviation of the properties. Preparation and testing of these specimens was based on 
the British Standard No. 373 (1957). One of the physical properties of the timber which has 
an influence on the strength is the specific gravity and for this relationship an equation of the 
n form S= kg was suggested (where S is the strength value, g the specific gravity, and k and 
n are constants). This relationship is, in general, found to hold for all strength properties. 
However, the writer explains that this cannot be used to give exact results for all species 
24 Non-round structural timber 26 
because many timbers, in particular those from tropical countries, contain resins, gum and 
other substances which add to their weight but contribute little to their strength. 
Whilst the stress grades, based on the small clear specimen tests, were being utilised by the 
timber industry, the British Standard BS 4978 was introduced because it was felt that too 
many of the timbers were being rejected when using the method then current. It was 
considered that the stress values were very conservative (Desch, 1996). The new standard 
gave a new approach to measuring the knots and was less restrictive than the method given in 
CP 112. Visual grading was considered slow since all four sides of the piece of timber had to 
be examined. This, in part, led to the development of mechanical stress grading, with the 
original stress grading machines being developed in the late 1950s. Mechanical grading used 
the correlation between the bending strength (MOR) and modulus of elasticity (MOE), where 
in principle, the wood is subjected to a load as it passes through the machine with the 
deflection being measured automatically. Grade stresses can only be assigned to the timber 
provided the relationship between the MOR and MOE has been established. 
Fewell (1980) looked at two MOE values (E,,,. and Et,, j for structural timber in bending, 
with the aim of establishing a relationship between them, where the values of Egross could be 
determined for timber graded to particular values of E... The first method (Eg,,. ) was 
calculated for the centre deflection measured relative to the full span of a three point bending 
test, but the writer notes that this method is affected by the span to depth ratio since the 
proportion of the measured deflection related to shear deformation diminishes with increasing 
span. Etru, is calculated for the centre deflection measured over a prescribed gauge length 
within the centre bay of a four point bending test. The author established that a simple 
regression equation Egross = aFtr,, e +b (values for a and b were obtained empirically for each 
species) could be used to express the relationship between the two values. He further 
concluded that the same equations could be used for estimating Egmss values from the lower 
boundary values of Et,,,. With respect to shrinkage coefficients, under these two conditions, 
Covington and Fewell (1975) found that within species there was no difference of practical 
significance in the coefficients for both the gross and true moduli of elasticity. 
The relationship between MOR and MOE is important in determining the stress grades for 
machine graded fimbcr. Curry and Tory (1976) investigated the relationship between MOR 
and MOE for samples of European redwood and whitewood, and Canadian western hemlock. 
They found that a simple regression equation of the form f= aE + b, would describe the 
relationship between MOR and MOE. The writers also established that combining the test 
data for the European redwood and whitewood, to obtain the correlation between MOE and 
MOR, was justified by the test results. However, the data for the Canadian western hemlock 
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was found to differ, and therefore should be treated separately. De Vries (1998) considered the 
grading of machine rounded timber and suggested that higher yields, in terms of strength 
class, are achievable using a stiffness indicator based on the MOE and MOR relationship. 
Comparison of test results between structural sized specimens and small clear specimens was 
found to exhibit much lower values for larger size timber and, in the case of, longitudinal 
tension very much lower values (Desch, 1996). The author explains the main reason for this is 
that the structural size specimens contain defects such as knots and distorted grain; this is not 
the case for the small clear samples. For comparison, the modulus of rupture, and ultimate 
tension and compression strength ratios between small clear specimens and structural sized 
ones is 6: 9: 3 and 6: 4: 4 respectively. It is clear that the tensile strength is particularly 
sensitive to the presence of defects in the timber. 
Sitka spruce (picea sitchensis) is the main commercially grown softwood timber in the UK. 
Brazier et aL (1976) investigated this species with respect to its mechanical and physical 
properties, in order to compare them with existing published data. The authors established 
close agreement with the existing data with regard to densityý crushing strength and modulus 
of rupture, but the modulus of elasticity was found to be higher than that of young growth 
material. Spiral grain showed a slight statistical significance which was in contrast to earlier 
findings. In general, the timber did not meet the specification for joinery purposes in 
sufficient quantity to justify selection. This was noted as being primarily due to the high rate 
of growth. It was noted with interest, and stated as being of particular importance by the 
writers, that the timber produced a high yield of M75 grade timber when machine graded; this 
demonstrated the advantage of machine grading as compared to visual grading. 
Following the formation of the European Union there has been a common objective between 
the member countries to form national codes in order to rationalise design methods and 
specification of materials between the members. It is also expected that this will remove trade 
barriers between the countries (de Sousa, 1995). For timber, the respective code is EC5 (1994) 
Design of Timber Structures. This rationalisation has led to the standardisation of other 
supporting documents, and in particular timber strength classes have been established 
(Fewell, 1991). The strength classes have been developed based on the relationship between 
the timber's strength (MOR), stiffness (MOE) and density (p) properties. Glos (1995b) has 
extended these relationships to cover tension, compression and shear strength based on the 
characteristic bending strength, including compression and tension strength perpendicular to 
the grain using the characteristic density. 
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The material properties, under the EC5 code requirements, correspond either to the mean 
value or to the 51 percentile determined by standardised tests under reference conditions. The 
mean values are used for serviceability limit state conditions, while the 5h percentile values 
are used for all properties (strength, stiffness and density) at ultimate load (Larsen, 1995). 
However, to achieve the safe working load the characteristic values are reduced by 
predetermined factors to account for the effects of duration of load and the increasing severity 
of the hazard class (Desch, 1996). 
2.4.4 Connections 
Timber connection design is considered to be one of two significant areas in timber 
engineering, the other area is the timber's strength properties. Up until the 1980s timberjoints 
design was based on empirical fit data which had been carried out in the 1930s (Trayer, 1932), 
with design codes in the UK and the USA utilising Trayer's findings to derive design 
principles for timber connections (Booth and Reece, 1967, Soltis and Wilkinson, 1987). 
Trayer's work had investigated bolted connections where timber was tested in the parallel and 
perpendicular (to the grain) directions. His aim was to develop safe loads for connections 
because design methods at that time differed widely, where the discrepancy was attributed to 
a lack of extensive tests being carried out from which to derive safe working values. At this 
early stage, in terms of timber research, the author realised that certain factors would 
influence the load capacity of a joint. He tried to eliminate the effect of friction by hand 
tightening the nuts. This would, however, have been unlikely to have reduced the contact 
surface friction between the dowel and the timber. Furthermore, it was appreciated that the 
stresses under the bolts were not uniform. Yet, the actual stresses in the wood and the bolt, at 
which proportional limit was reached, was considered of academic interest only, including the 
part that each played in producing the proportional limit. The determination of the stress 
distribution in the wood and the bolt was thought to be an extremely difficult mathematical 
problem. There is no mention in Trayer's paper regarding the relationship between the timber 
density and strength. 
Johansen's (1949) original work was the foundation to a radical change in design of timber 
connections; the original design procedure was based on the empirical fit of data (Trayer, 
1932). An extensive programme of work was carried out to further the works of Johansen 
(1949), (Smith and Whale, 1987; Rodd et aL, 1987; Hilson et aL, (1987); Whale et aL, 
(1989); Hilson et al., 1990) this programme was developed for use in the British Standard BS 
5268 : Part 2: 1996 and the European code EC5 (1994). A fundamental parameter to come 
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from this work was the embedment strength (fh) of the timber. The embedment strength is 
termed the average compressive stress at maximum load in a piece of timber or wood based 
sheet product under the action of a stiff linear fastener (EN 3 83 : 1993). 
The embedment strength can be obtained by experimental testing or by formulae derived 
from the test programme mentioned above. Rodd et aL, (1987) found that embedment 
strength can vary due to non-calibration of the testing apparatus and, therefore, recommends 
that the test rig is calibrated to minimise this error. He further comments that the elastic 
deformation of the fastener is reduced by limiting the centre thickness of the specimen and a 
thickness of twice the fastener diameter was found to be satisfactory. Also, increasing the 
clearance between the sides of the timber and the plates supporting the fastener was found to 
reduce the apparatus stiffness, this was largely due to an increase in the connector bending 
and shear deformation. This work has now been developed into a British Standard (EN 383 : 
1993), where it notes that the thickness of the specimen should lie in the range from 1.5d to 4d 
in order to comply with the principle of the test. 
Wilkinson (199 1) performed tests in America to develop a method for establishing the dowel 
bearing strength. The Americans have also carried out work to verify Johansen's (1949) 
theory (McLain and Thangjitham, 1983; Wilkinson, 1993a; Wilkinson, 1993b; Soltis et al., 
1986b; Soltis and Wilkinson, 1987). Wilkinson (1991) looked at different specimen sizes 
noting that the results were not affected by the various sizes because the sample is uniformly 
loaded. This procedure became the adopted standard for testing timber (ASTM : D5764 : 
1997). However, Wilkinson's method of test can only be used in compression, whereas 
Rodd's (19 87) method allowed samples to be tested in tension as well. 
Pope and Hilson (1995) carried out a series of tests to compare Wilkinson's method 
(Wilkinson, 1991) and the European Standard method (EN 383 : 1993). They comment that 
the American method does not enable accurate measurement of the stiffness of the embedding 
characteristic, and that errors could arise due to the lack of complete rigidity in the machine. 
Their test results revealed a good comparison for the tests in the parallel to grain direction, 
with the American procedure giving a slightly higher and possibly more accurate result The 
results for testing perpendicular to the grain were very different The American test is noted, 
however, as being simpler to perform and quicker if several specimens are to be tested. 
The experimental procedures established by Rodd et aL (1987) and Wilkinson (1991) have 
been developed as methods for determining embedment strength, but each has its limitations. 
Rodd's method allows samples to be tested in compression and tension, but the width of 
sample has top be restricted to negate bending in the dowel. For small roundwood the density 
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is known to vary across the log (see section 5.3 on page 99) and to determine the embedment 
strength of the log it is beneficial to test the log in its entirety. Cutting the log into segments 
would have enabled the log to be tested in accordance with the code requirements. However it 
is not clear how the results obtained should be combined to determine the embedment 
strength of the whole log. The technique presented by Wilkinson (1991) offers the 
opportunity to test the log in full, but to achieve this the log has to be cut, resulting in a loss of 
longitudinal fibre continuity around the bolt hole, possibly reducing the true bearing strength 
of the timber. Based on these findings it was decided by the writer of this thesis to carry out a 
series of tests where the embedment strength of the log could be tested in full, this required 
the development of a new test apparatus, using the test principles given EN383 for the 
equipment, and this is described in section 5.4 on page 118. In addition tests were carried out 
using the American method for purpose of comparing the test results (section 5.4) 
2.4.5 Numerical modelling 
Numerical modelling offers the opportunity to analyse timber engineering problems in detail 
which would be unrealistic to achieve on an experimental scale. Advances in computer power 
and numerical software packages has meant that engineers can be more ambitious and 
adventurous in their modelling, particularly, in advancing from two dimensional to three 
dimensional models (Guan and Rodd, 1997; Patton-Mallory and Pellicane, 1998). Whereas 
previous works have generally focused on timber joints which have used two dimensional 
analysis (Mettarn and Page, 1992; Zandbergs and Smith, 1988; Groom and Leitchi, 1991; 
Kermani and Goh, 1994; Kharouf et aL, 1998b). In parallel with this work some researchers 
found common ground by studying bolts in composite materials, owing to the orthotropic 
nature of the material's mechanical geometry (Wong and Matthews, 1981; Rowlands et aL, 
1982, Rahman and Rowlands, 1993). The main area of these numerical investigations has 
been on connections owing to the impracticality of physically measuring the stresses, strains 
and displacements that occur in a joint under load. For the purpose of verifying the numerical 
findings, experiments were also performed in these investigations. 
Using finite element analysis (FEA) in these studies meant that the investigators could 
investigate different aspects of the timber joints. Wilkinson and Rowlands (198 1 a) examined 
the effect on the stresses in the wood for a single bolt by varying the elastic properties. The 
analysis did not represent any particular species or structural material, however, this could 
have been achieved by adjusting the elastic properties to published values (Bodig and Jayne, 
1993). Performing such an analysis gave the authors the flexibility to vary the material 
properties and model dimensions, enabling different effects to be studied. The writers found 
that increasing the elastic properties resulted in an increase in the radial stresses, leading to a 
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reduction in the contact area below the bolt. The radial bearing stress under the bolt was also 
found to increase with reduced ratio of hole to pin size, and with increased end distance. A 
coefficient of friction of 0.7 was chosen by the authors, which was based on the first authors 
doctoral research although no comment was made on the effect of varying this coefficient. In 
a sister paper (Wilkinson and Rowlands, 1981b) the authors noted that friction was a 
significant factor and should be included in any numerical analysis of a pin-loaded hole in 
wood. 
Rahman et aL (1991) investigated the stresses in, and strength of, single and double bolted 
joints in wood members using FE. The authors obtained the stresses using finite elements, 
strain gages and moir6 techniques. They found that the stresses and strength were influenced 
by end distances, bolt spacing, edge-distance, bolt clearance, and also used a coefficient of 
friction equal to 0.7. The failure criterion was based on Tsai-Hill, Tsai-Wu, and Cowin 
theories. Two species were tested for the experimental comparison work and only one set of 
parameters was used for each of the timber densities. It was also found that the radial contact 
stress did not increase linearly with applied load because, as the load increased, so did the 
contact area. Component failure was predicted to initiate at 10-25% of the ultimate strength of 
the timber, and failure was predicted, as always, starting immediately below the contacting 
bolt. The investigators concluded that if the bolt bends the stresses in the wood would become 
three dimensional and this could affect the type of failure. This would therefore necessitate 
the need for a 3D constitutive model, whilst up to the time of this research most applications 
had been analysed in only two dimensions. 
Hoor et aL (1993) developed a 3D FE model for determining joint strength parameters for 
timber in the perpendicular and varying angles to the grain. No allowance was made for 
clearance between the bolt and the hole, or frictional effects whereas the two aforementioned 
author's papers found friction was a significant factor in the joint's strength. The authors 
concluded that the analysis gave a detailed stress distribution within the joint region 
permitting a rational technique to supplement the more costly experimental investigations. 
Goh and Kermani (1994) studied the structural behaviour and performance of timber joints 
made with welded steel gusset plates and dowels using three dimensional non-linear FEA. 
The non-linearity of the joint was understood by the authors to be due to an amalgamation of 
different parameters comprising the non-homogenous orthotropic nature of timber: grain 
orientation, moisture content, duration of load, bearing characteristics, including the 
deformation and yield of the welds, steel dowels and plates. For the non-linear elasto-plastic 
material properties of the timber an implicit backward Euler Hill material model was used. In 
the case of the dowel and metal plates a von Mises yield surface material was applied to 
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represent the ductile behaviour of the materials. With this failure criterion the von Mises 
plastic properties required only the initial uniaxial yield stress and did not require any other 
input parameters. The authors note that although the contact surfaces between the components 
were touching, only a nominal friction was used, but no value was given. Investigations were 
performed for eight, sixteen and twenty noded elements with the eight noded elements giving 
the least accurate results and the twenty noded elements simulating the connection behaviour 
more realistically, although the analysis took 4.5 times as long as the eight noded elements. 
The sixteen noded elements were described as providing the best balanced models with 
regard to accuracy and acceptable analysis duration. Of note, is the writers' comment that 
none of the models had the ability to simulate the narrow bands of localised strains associated 
with the fracture mechanisms which occur perpendicular to the timber grain orientation. 
Contact simulation forms an important part in the FE modelling of timber connections. Guan 
(1996) used a three dimensional model and two contact conditions to model the performance 
of a timber joint made with a single hollow steel dowel whilst the timber was reinforced with 
densified veneer wood. In this simulation the author applied the slidelines contact condition 
(ABAQUS) to model the situation between the reinforcing plates, while the contact pairs 
option was used to model the various conditions between the circular surfaces of the hollow 
dowel, resin and the wood. In this instance the desired failure was in the dowel which was 
confirmed by the analysis. 
Following an extensive review of the previous work on timber connections (Patton-Mallory 
and Pellicane, 1997a) a three dimensional FE model was developed by Patton-Mallory et aL 
(1997b) to evaluate bolted wood connections, when loaded in the 'parallel to grain' direction. 
The motivation behind this study was that to the author's knowledge no research had been 
performed to model the bearing intricacies of a bolted connection using 3D analysis. 
Modelling of the dowel yield criterion was achieved by the von Mises yield condition while, 
for the non-linear elasto-plastic wood simulation, a trilinear stress-strain relationship was 
detennined from experimental data. The authors compared the load-displacement curves to 
establish the adequacy of the non-linear wood constitutive model and found the model 
suitable for predicting the displacement up to a stated value of 0.762mm. It was concluded by 
the authors that a more complex analysis was needed for other wood grain orientations and 
for higher load levels. Although the writers based their non-linear analysis on experimental 
stress-strain relationships, the model did not allow for the shear failure that would develop in 
the timber once the yield point has been reached. To overcome this problem some degree of 
vertical cracking would need to be introduced into the model to represent the separation of the 
longitudinal fibres, as this is a typical failure mode of the joint for a stiff linear fastener. 
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More recently research in Canada has been carried out to investigate the actual wood 
behaviour around the loaded hole boundaries of a connection, in particular the stress and 
strain fields (Kharouf et aL, 1998). Comparisons were made using strain gages on the timber 
specimens and in general there was good overall agreement. However, the authors found that 
the predicted compressive and shear strains at stress concentrations in the bolt to hole contact 
region were significantly greater than those recorded. The reason for this was understood to 
be due to the limitations of the constitutive model, because it did not account for inelastic 
deformation. Tan and Smith (1999) realised that there is currently no available detailed 
knowledge on how wood fails when subjected to complex stress states such as exist in the 
vicinity of loaded bolt holes. The writers believe that fOure occurs in a ductile manner, with 
only crushing of timber around the bolt(s), or in a brittle manner because of shear failure 
planes that lie either side of the compression column developed during failure. They have, 
therefore, developed a hybrid elasto-plastic model which was based on yield load and plastic 
slip limit relationship between the bolt and timber. The model was found to be accurate and a 
computationally efficient tool for predicting whether failure will be brittle or ductile, and also 
the ultimate capacity of connections in which a row of stocky bolts load a timber member. A 
limitation to this model was, however, that it neglected the deformation in the bolts, and thus 
could not be applied to joints where relatively slender bolts are used. 
2.5 Summary 
From the literature reviewed in this chapter the following points can be surmised: - 
" the use of structural small diameter round timber has been limited such that the 
material has predominantly been utilised for individual structures 
" the material demonstrates some good strength qualities compared to sawn timber, 
most notably it has a high bending strength 
" previous research on the strength properties of small diameter round timber has been 
very limited, and therefore this area should be extended to develop the small round 
form as a structural material 
the work on connections has focused on 'one-off' jointing systems which has 
restricted the user to one particular joint type, rather than developing design 
information giving the designer more flexibility in jointing options 
there has been no detailed investigation into the material's mechanical properties for 
use in structural applications, in particular, the variation of density across the log and 
how this would influence the strength of ajoint 
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finite element analysis has been successfully used for sawn timber in order to 
investigate the effects of stress and strain in a bolted joint, including the effects of 
changing the physical dimensions. This work has not been performed for small 
roundwood joints but would provide valuable information for comparative and 
research purposes. 
The points noted above demonstrate that there is a severe lack of information on the structural 
properties and attributes of small diameter round timber, especially in the areas of the timber's 
strength properties and joints. Therefore, to advance this material further research and design 
information are needed. The work of previous investigators, as noted in this chapter, has 
proved useful and has been applied to some of the testing and FEA detailed in the following 
chapters. As a result of these findings it was decided to focus the investigation on two areas. 
The first area of work was to establish the bending and compression strength for two UK 
grown softwood species and this is described in the following chapter. Later chapters will 
discuss the work on the embedment strength of small roundwood using experimental testing 
and finite element analysis, since this forms one of the key areas in timber connection design. 
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Chaýter 3 
Experimental techniques for bending and 
0 compression testing 
3.1 Introduction 
This chapter describes the experimental work that was carried out to establish strength 
characteristics for the small diameter round timber. The work included preparation of the 
samples, measurement of relevant properties prior to testing, and testing in bending and 
compression. To establish the typical strength parameters of the roundwood novel techniques 
had to be developed so that instrumentation could be attached to the round timber. Results 
from these tests were then statistically analysed to determine the strength parameters of 
importance in grading the timber, as is discussed in Chapter 4. 
3.2 Material characterisation 
3.2.1 Material selection 
The work has concentrated on the conifer species for the reasons noted in Chapter 1. Scots 
pine (pinus sylvestfis) and sitka spruce (picea sitchensis) were chosen because these are the 
two main commercial softwood species harvested in the UK. It was intended that they should 
be representative of typical UK small diameter round timber. For simplicity the specification 
was limited to a few of the typical basic properties. The specification required that the timber 
should be: straight, 4.00m long, debarked, within the diameter range of 100 to 150 mm, and 
have minimal taper. Lengths of 4.00m were chosen as this would allow the bending and 
compression samples to be cut from one log. 
It has been stated (Willis, 1996) that Scots pine (pinus sylvestris) is more common in the 
south of England whereas sitka spruce (picea sitchensis) grows in the west and north of 
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England (Cottingham, 1996). Consequently the Scots pine and sitka spruce were felled from a 
stand at Windsor, Berkshire and Kielder Valley, in Northumbria, respectively. Inspection of 
the Scots pine (pinus sylvestris) stand revealed that the timber was from a well managed 
plantation which meant that the timber was atypical of the species overall. By this stage the 
timber had been purchased and it was decided nevertheless to proceed with the experimental 
work, but to bear the nature of the species in mind when considering the implications of the 
results obtained. It was not possible to visit the forest where the sitka spruce was harvested 
but it is understood from the forest manager that the timber was representative of this species. 
Prior to the logs being delivered they needed to be debarked. Debarking can be achieved in 
two ways, either mechanically or manually. Manual debarking is carried out using a 
debarking iron and it is easier if the bark is removed just after the tree has been felled; this 
method generally only removes the bark layer. For mechanical debarking the log is passed 
against a revolving chisel blade, but this method removes the bark and a small amount of the 
cambium layer. In some cases the log may need to be passed through the machine twice to 
ensure all the bark is removed. The work by Boren and Barnard (1999) has shown that the 
debarking process can affect the strength properties of the timber, because it breaks the 
longitudinal fibres and increases the relative significance of the knots. The authors, therefore, 
recommended that the processing of the timber, to remove the bark, is minimised. For the 
present work the logs were sent to a sawmill for mechanical debarking. This procedure was 
chosen both on economic grounds and because it more accurately reflects the condition in 
which the small round timber which is used in construction would be formed. 
3.2.2 Material preparation 
Before the experimental work could begin the logs had to be conditioned to the required test 
moisture content (m/c). The timber had only been felled three weeks before it was delivered 
and, therefore, was delivered green. Initial m/c readings showed values to be in the order of 
125% but, a m/c of 18% was desired; this equates to service class 2 (EN 384: 1995). This 
describes the conditions under which the timber would be expected to be found when used in 
construction. Initially the logs were dried outside in accordance with the Timber Drying 
Manual (Pratt, 1997). The logs were stacked off the ground and laid in self-crossed alternate 
layers. To improve ventilation through the stack each alternate layer was stacked with fewer 
logs. The logs were also sheeted over with a tarpaulin. To check the moisture content during 
this initial drying period a Protimeter' digital moisture meter was used. 
1. Model - Timbermaster 
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Owing to comparatively low temperatures and high humidity conditions in the UK air drying 
is a relatively slow process, and it took approximately two months for the timber to reach an 
average m/c of 25% which is within the normal range achievable (Pratt, 1997). The logs were 
then placed in a conditioning chamber at 80% relative humidity (RH) and 18 'C, in order to 
achieve the desired fmal moisture content of 18%. These conditions are suggested by the 
Building Research Establishment (BRE) for achieving 18% m/c and are referenced in 
Dinwoodie (1996). 
Not all timbers achieve equilibrium moisture content (EMC) of 18% under these prescribed 
conditions, an EMC of 16% was in fact obtained for the two species used in the current work. 
The moisture content difference was adjusted using the method detailed in Chapter 4. Radial 
cracking was found in all the samples. This is a common feature with seasoned small diameter 
round timber since there is greater shrinkage tangentially than radially, or longitudinally 
(Dolby, 1998). Work carried out by VTT 2 (1996) found that air drying and mild kiln drying 
generally produced one large crack along the log's length, however, it was found that with 
rapid kiln drying, cracking could be reduced (although not eliminated), providing the drying 
rate was slowed down after the initial stages. Round timber tends to dry at a slower rate than 
sawn timber because the moisture egresses more from the ends than the sides of the log due to 
the longitudinal cell structure of the timber; whereas sawn timber has four cut surfaces from 
which the water can evaporate. This means additional time may have to be allowed for final 
conditioning of the roundwood. Since it would appear that some degree of cracking would 
appear in the log, effort was not devoted in the present work to minimising the cracks that 
developed. The significance of the cracks on timber strength is considered in greater detail in 
the next chapter (Chapter 4) where it is found that the cracks have only a minor role to play. 
2. VTT Building Technology, Helsinki, Finland. 
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Prior to cutting the samples into the test lengths two datum lines were marked on the logs, for 
subsequent reference. The lines were placed diametrically opposite one another along the axis 
of maximum curvature as shown in Figure 3.1 and chalk was used to mark them. 
Plane of maximum curvature 
Log 
Figure 3.1 Detail showing method of positioning datum lines 
Once the samples had reached the required moisture content they were cut to the prescribed 
lengths for the compression and bending tests; the material properties described in section 
3.2.3 on page 39 were then measured. The tests were in principle to be carried out in 
accordance with BS EN 408 : 1995 and, therefore, the lengths of the test pieces were cut to 
the dimensions specified in the Standard. 
3.2.3 Roundwood properties 
An important part of the experimental work was to record the roundwood's visible features 
prior to testing as these would be used for the strength grading and statistical analysis 
described in Chapter 4. Guidance is given in prEN 1310 (1994) for measuring certain 
roundwood characteristics but it was decided that additional features would be recorded, since 
the grading of roundwood has not been carried out to this extent before, and these additional 
features could be useful in the statistical analysis. Also, it would not be possible to measure 
some of these features after the test. The following list details the measurements that were 
recorded: 
" Taper* 
" Curvature 
" Ring width 
" Geometric pith* 
" Knot area ratio (KAR)* 
" Maximum knot diameter* 
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Chalk lines marked diametrically opposite one another 
through the axis of maximum curvature 
o Average diameter 
-1 Spiral grain 
- Crack width* 
* indicates properties not covered by prEN 13 10 
The silviculture of the tree and geographical latitude have a significant influence on these 
properties. Trees grown at close spacings (less than 2m centres) generally exhibit small taper, 
small knots, closer ring widths and straighter stems all of which are better for quality 
structural timber (Hibberd 1991). At wider spacings (more than 2m centres) the trees can 
grow faster but this is to the detriment of the timber quality. As noted previously, small 
roundwood is typically harvested from the forest as part of the thinning process to let the 
better quality trees grow, which means the lesser quality trees are selected. It can, therefore, 
be expected that the properties listed above for the thinnings will be different from those for 
trees that are left to grow. 
These features were recorded for each log according to the procedures detailed in the 
following sections. 
3.2.3.1 Taper 
Taper is a natural characteristic of roundwood and the extent of the taper is largely dependent 
on forestry management. Spacing of the trees at the planting stage is important if taper is to be 
minimised, this is highlighted by Hibberd (199 1) who explains that wide spacing can lead to 
greater taper. The log diameter was measured along its length at one third intervals, including 
the ends (a total of four locations). At each point the diameter was recorded twice. The two 
measurements were taken perpendicular to one another, since some of the logs were found to 
have a slightly elliptical profile; and the mean of the measurements was recorded. It was 
found with certain logs that at the whorl locations there was a bulging of the log surface 
which can be characteristic of the knots, The diameter would be recorded on the side closer to 
the previous reading, if a measurement was required at this point. Standard forestry calipers 
were used to measure the diameter to the nearest Imm. Taper was then expressed as the 
average diameter difference per metre length. Values of the taper were calculated for each 
(one third) section of a log to assess the degree to which the taper varied along the length of 
the log. No significant variations were found in any logs so the final value for the taper 
actually used for a given log was that obtained from the mean diameters measured at its ends. 
(Over the whole of the Scots pine specimens the segmental taper differed from the overall 
value by less than 2.5%. The corresponding figure for sitka spruce was 2%) 
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3.2.3.2 Curvature 
Curvature was measured over a two metre length (following prEN 13 10) using an aluminium 
straight edge. A point was marked 500mm from the butt end of the log, in the plane of 
maximum curvature, and the maximum gap between the straight edge and the log was 
recorded to the nearest millimetre using a metal rule. Figure 3.2 illustrates how this was 
achieved. Following the standard, the curvature was expressed, as the ratio of the maximum 
gap to the length (2m) of the straight edge. 
Log Point of maximum curvature 
below straight edge 
r- 
1--, 
1, & 
1 
Aluminium straight cdge 
Butt 
2000 mm 1 50omm 
Figure 3.2 Method used for measuring curvature 
3.2.3.3 Ring Width 
Ring width was measured in accordance with prEN 1310 (1994) where the number of growth 
rings was counted along the radius, this was then expressed by dividing the number of rings 
by the radius. Ideally the log's pith would run along the central axis and would give 
concentric rings as shown in Detail A of Figure 3.3, but this was not the case for all the logs, 
some of the logs were found to have eccentric piths as illustrated in Detail B of Figure 3.3. 
Eccentric pith can result from interruptions during the trees growing period or possibly from 
the tree's position within the stand. To be consistent with the ring width measurements the 
radius was always taken as the shortest distance to the outer edge of the log and this is shown 
in Figure 3.3. Timber grows in a conical manner with the heartwood being at the centre of the 
tree. Each year a new layer is produced beneath the bark which extends the full height of the 
stem. Gradually as these layers are added the inner layers (heartwood) die and consequently 
do not grow any further. On this basis is was decided to measure the growth rings at the butt 
end of the tree where all the growth rings would be visible. The choice of radius was 
determined by eye. It is not always easy to identify exactly the best orientation, but at present 
no more precise technique appears to have been reported. (The standard prEN 13 10 is silent 
upon this problem). It is an area to which future attention could be paid, although the benefits 
will be clearly seen after the analysis of the next chapter. 
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Annual rings 
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Detail A Detail B 
Figure 3.3 Method of measuring annual ring width 
3.2.3.4 Geometric pith offset 
To be able to measure the offset of the pith the log was laid in the orientation to which it 
would be placed in the bending test (see section 3.3.3 on page 50). Measurements were made 
at the butt end of the log. A vertical line was drawn through the plane of maximum curvature 
(passing through the chalk marks, see section 3.2.2 on page 37). The mid point of its 
intercepts with the extremities of the log was then applied as the geometric centre. Another 
(horizontal line) was drawn perpendicular to the first line passing through the geometric 
ccntre. The pith offset was measured in terms of the distances (x, y) from the centre of the pith 
to the two lines marked on the log (see Figure 3.4). Measurements were made with a steel rule 
to the nearest millimetre. 
radiii. -, 
Plane of curvature 
for bending test - 
A 
Geometric i 
A 
Figure 3.4 Procedure for establishing pith in offset relation to the geometric centre 
B 
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Log with concentric annual rings Log with eccentric pith 
3.2.3.5 Knot characteristics 
Knots have a significant effect on the strength properties of timber in bending and 
compression parallel to the grain (Desch (1996); USDA (1987)), and for sawn timber BS 
4878 (1996) details how the knots are assessed for grading the timber into structural grades. 
However, for roundwood there is no code for assessing roundwood knots for structural 
grading. The German code DIN 4074-2 (1958) gives a method for grading round softwood in 
respect of giving the timber a low, normal or high bearing capacity. The standard proposes 
that the sum of the knot diameters over a 150mm long quadrant of the log are measured and 
then expressed as a ratio of the diameter of the log to determine the grade. The location of the 
measurement is to be in the most unfavourable region. This method gives no values for the 
bearing capacity, bending and compression strength, and makes no allowance for the 
remaining knots at the knot whorl. For this reason it was felt necessary, in the present work, to 
include as full a description of the knot characteristics as possible to include these in the 
subsequent analysis. 
The Scots pine (pinus sylvesois) showed typical whorl characteristics with each years growth 
being represented by a clear whorl and clearwood between the whorls. Approximately 
600mm was typical for the whorl spacing. In contrast, the sitka spruce (picea sitchensis) 
demonstrated many small knots, randomly spaced, between the whorls which suggests the 
trees had not been as well managed as the Scots pine (pinus sylvestris) and may have been 
planted at a wider spacing. These small knots were not seen as being of a major significance 
to the bending or compression strength because, as previously mentioned, failure during 
bending tests always occurred at the whorls. 
Since a four point bending test was to be used (see section 3.3.3 on page 50) measurement of 
knots were taken only in the middle third of each log; this would include two or three whorls. 
If only two whorls were included, measurements were made on both. If there were three 
whorls, only the two with the largest knots were measured since previous experience had 
shown (Boren and Pietila, 1995) that failure would occur at these locations. 
Although the compression test samples were of a relatively short length it was typical for the 
samples to have two whorls within the test length. A few of the pine samples did, however, 
exhibit no whorls on the surface, and it was therefore not possible to record these. After 
testing, a couple of the samples were found to have encased knots, but these did not appear to 
play any part in the failure mechanism. For these samples, measurements were made on all 
the whorls that could be seen. Figure 3.5 shows how the measurements of the knots were 
made, on an accumulative basis around the circumference with the chalk line along the plane 
of curvature acting as the base line. This enabled the positions of the knots to be related to the 
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plane of bending. Although some of the knots exhibited an elliptical shape only the diameter 
of the knot line in the whorl circumference was measured. Measurements were made to the 
nearest millimetre with a flexible steel rule. In addition to these circumferential measurements 
two log diameter measurements were taken and averaged. 
Circumferential positions of 
Base line along plane of 
knot diameter extremities 
I- recorded accumulatively 
Figure3.5 Section of a log showing method for measuring knots at a whorl 
From these dimensional measurements it was possible to calculate a number of parameters 
relating to the knots for use in subsequent analysis (see Chapter 4). The parameters used were: 
" the maximum knot diameter (in mm). This was taken, as mentioned above, along the 
whorl circumference, for each whorl. The angle at which the largest knot was placed with 
respect to the plane of curvature was also measured. 
" the knot sum (in mm). This was simply the sum of the knot diameters around the whorl 
circumference. 
" the knot sum per log diameter (116). The mean diameter at the whorl was used to calculate 
this ratio. 
the knot sum per log circumference ('16). 
the maximum knot per diameter r1q). The maximum knot was expressed as a percentage 
of the log diameter. 
the knot area ratio. This was calculated as the ratio of the sum of the segments of the log 
subtended by the knots at the pith, to the total area of the log in a cross section of the 
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Knots Whorl 
whorl. The segments are shown shaded in Figure 3.6. 
Growth rings omitted 
for clarity 
Log -, 
,, _,, -Plane of 
bending 
Knots segments shown 
shaded 
dn 
Pith 
IN Knot evident at face of log 
to record diameter (d) 
Figure 3.6 Section of log at whorl showing knot segments 
3.2.3.6 Average diameter 
The average diameter was calculated using the readings that were taken for measuring the 
taper (section 3.2.3.1 on page 40). The average diameter was calculated from the four mean 
diameter readings taken at different points along the log. This average diameter was then used 
for the bending strength calculations (see section 3.3.5 on page 53). For the average diameter 
of the compression samples only the top and bottom mean diameters were recorded and used 
owing to the short length of the samples. 
3.2.3.7 Spiral grain 
Spiral grain is a characteristic in certain species and is produced when the fibres follow a 
spiral course in the living tree. The cause of spiral grain is not fully understood, but there is 
evidence that it is an hereditary characteristic of individual trees. It is also understood to 
reduce the strength of timber (Desch, 1996). Both species exhibited spiral grain in 
approximately 50% of the samples of each species. The spiral grain was readily identifiable 
because the timber would tend to split along the direction of the grain. Measurement was 
carried out in accordance with the pr EN 1310 (1994) where the index is the circumferential 
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distance by which the grain deviates from a line parallel to the axis of the log over a distance 
of Im. The result was then expressed as the angle of deviation from the parallel axis (Figure 
3.7). 
Angle of deviation from 
log axis 
Figure 3.7 Measurement of spiral grain 
3.2.3.8 Crack width 
Log axis 
It is typical with all dried round timber for at least one crack (split) to develop longitudinally 
along the log. This form of splitting in the roundwood is due to the timber shrinking more 
tangentially than it does radially or longitudinally. Each log exhibited a number of cracks 
which seldom extended the whole length of the log. For each log the width of the largest crack 
was measured at the widest point to the nearest millimetre. Table 3.1 shows how the cracks 
were categorised. 
Table 3.1 Categorisation of crack width 
Category Width 
(M M) 
Small <5 
Medium 5 to 10 
Large > 10 
3.2.4 Determination of neutral axis for bending test samples 
The bending test was based on BS EN 408 (1995) where a four point loading layout is used. 
This test was carried out in two stages, first to determine the elastic modulus (MOE) and then 
the modulus of rupture (MOR). Details of the test arrangement are discussed in section 3.3 on 
page 49. Testing for the MOE requires the measurement of the log's deformation, within the 
middle third, and below the proportional limit load. Deformation was recorded about the log's 
neutral axis (see Figure 3.11) which meant that a technique had to be developed to mark the 
axis on the log. The log's true neutral a)ds was difficult to locate due to characteristics such as 
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taper, spiral grain, eccentric pith, curvature and surface irregularity being present. It was, 
therefore, accepted that the log's neutral axis would be located at its geometric centre based 
on the external dimensions of the log. 
To mark the neutral axis points on the log two aluminium. rings were manufactured with four 
threaded bolts which were attached to the rings, and placed at 900 to each other. The bolts 
were of sufficient length that they could accommodate the different log diameters. First the 
gauge length for the frame was marked within the middle third of the log (see Figure 3.10), 
the gauge length was set in accordance with the code requirements (BS EN 408,1995). At 
these points the vertical diameter of the log was measured in the plane of bending. Then the 
bolts on the ring were set so that the distance between the top and bottom of the ring was 
equidistant from the log's surface, as illustrated in Figure 3.8. The ring was then placed over 
the log and the bolts were slightly tightened to secure the ring to the log. Then by screwing in 
the horizontal bolts the neutral axis points would be located at the point where the bolts 
touched the surface (points A and B, Figure 3.8), these points were then marked on the log. 
Aluminium ring I -- 
Plane of bending (vertical axis) 
-- Neutral axis 
Figure 3.8 Detail of method for determining neutral axis for bending test 
3.2.5 Calculation of moisture content for strength test specimens 
Moisture content influences most of the strength properties of wood and it was therefore 
important that this factor was recorded for each of the test specimens. Following each bending 
and compression test a section of the log was cut from the sample, as close to the point of 
failure as possible, so that a whole section of the log was obtained. It was important that a 
whole section was taken because these samples were also used to determine the density of the 
timber (see section 3.2.6). 
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Once the sample had been cut, and any loose splinters removed, the log was weighed to an 
accuracy of 0.0 1g on a Mettler PM II digital scale. The moisture content was then determined 
in accordance with BS 5268: Part 2 (1996) and the formula given in equation 3.1 was used to 
calculate the moisture content (p). All samples from the bending tests were initially cut using 
a chainsaw as this was found to be the quickest method for cutting the log. Following this a 
disk was cut from the log using a bandsaw. However, the compression samples could be cut 
using only a bandsaw since the shorter length of log was more manageable. 
9 ý-- 100 
wm -w Eqn 3.1 
( 
wo ) 
where 
W", = Sample weight at test 
Wo = Oven dry weight 
3.2.6 Determination of density for strength test specimens 
It was important that the density represented the average density of the log as this would be 
used to classify the strength properties of the log. The values obtained for the oven dry weight 
(WO) for the moisture content results were used (see above). The definition given in equation 
3.2 was then used to specify the dry weight density (p), where V is the volume of the sample. 
WO 
Ep 3.2 
In order to determine V, a disk was cut from the log (approximately 25mm, thick) and V was 
calculated using equation 3.3 where two thicknesses (t, and tD and two diameter readings (d, 
and d2) where recorded. 
V= 7tdld2 
(ti 2) Eqn 3.3 
8 
The readings were taken prior to the sample being oven dried as the difference in volume, 
after the sample was dried, was considered to be negligible. Similarly, drying cracks were 
considered to have minimal effect on the result. Figure 3.9 shows how the readings were 
taken. To check the accuracy of measuring the volume by this method 10 oven dry samples, 
which had previously been used to calculate the average volume by measurement, were 
painted with two coats of polyurethane varnish to prevent the samples absorbing water. The 
samples were then submerged in a bowl of water located on a balance which had been zeroed. 
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d, d2 
11 
t2 
cut from test specimen 
Figure 3.9 Dimensions taken for determining sample volume 
Based on the Archimedes principle the weight of the volume of water displaced by the 
submerged timber would represent the volume of timber, assuming Ice of water weighs Ig. 
The results showed an overall difference of only 5% between the two methods and hence it 
was decided to use the dimensional measurement method as this is very much quicker to 
perform. 
3.3 Bending tests 
3.3.1 Introduction 
Bending strength (MOR) is one of the main strength parameters used in structural design 
whether the member is a floor joist, rafter, purlin, beam, or lintel, and was therefore 
considered to be one of the key parameters to be determined in the test programme. It is 
important to note that there is currently limited information on the bending strength of small 
diameter round timber. Darby (1987) tables some Basic Permissible Stress values for Scots 
pine (pinus sylvestris), but these are based on less than 20 tests. The experimental work 
presented here on the sitka spruce (picea sitchensis) is, therefore, novel and should provide a 
valuable contribution to the development of small roundwood being used as a construction 
material. Experimental determination of the bending strength can be achieved in different 
ways but the current British standard (BS EN 408,1995) prescribes (for structural timber) a 
four point bending test arrangement and subsequently this was the test that was used. The 
same test is also used for the modulus of elasticity (MOE). 
The modulus of elasticity (MOE) is employed in calculating the deflection of a member. 
Again no published information is available for the MOE of small roundwood, so this work is 
also new and will compliment the bending strength results. 
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3.3.2 Diameter categories 
Although small diameter roundwood is typically characterised with a diameter range of 100 
to 150mm some of the timber demonstrated diameters outside these sizes, therefore, two extra 
diameter classes were added to allow for this (categories A and D). Table 3.2 shows the 
diameter categories for the logs and the number of logs tested in each category. The 
compression and bending samples were cut from the same log and in a random manner so that 
the compression samples were cut from either the top or bottom of the log. In total there were 
200 bending and 200 compression tests (100 of each species). 
Table 3.2 Categorisation. of bending and compression samples 
Species Diameter (Mm) and category 
75-100 100-125 125-150 150-180 
LogReference (D) (C) (B) (A) 
Bending 
sitka spruce (100) 5 39 54 2 
scots pine (100) 1 39 59 1 
Compression 
sitka spruce (100) 4 49 45 2 
scots pine (100) 1 37 61 1 
3.3.3 Bending tests 
The bending tests were based on the principle of the four point bending test given in BS EN 
408 : 1995, a schematic detail of the test layout is given in Figure 3.10. BS EN 408 is in fact 
written for "structural timber" which in practice implies a rectangular section. In order to 
relate the standard specifically to roundwood two main modifications had to be made. Firstly, 
the parameter W (the depth of section under test) was changed to be the average diameter of 
the log, d. Secondly, owing to the curvature of the log's surface a suitable method had to be 
designed to support the log and apply the load, this was achieved by using oak (quercus 
robur) saddles which were then placed on roller bearings (Barnard and Griffiths, 1998). Two 
saddle diameters of 100 and 180mm were made to accommodate the different log sizes. The 
test was carried out in two stages, first the MOE was determined and then the log was tested 
to failure to establish the MOR. A screw threaded Satec Universal testing machine (Satec 
systems, Inc. ), with a 500kN capacity, was used for the tests and the test data were recorded 
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on a Solartron data logger S1353D. All deflection and displacement readings were measured 
using RDp3 linear variable differential transducers (LVDT); several types of LVDT were used 
due to the different stroke ranges needed for the tests. 
6d± 1.5d 6d 6d± 1.5d >d 22 
F 11=5d 
tF 2d 
N. A. --------- 
4- 
w 
Log 
Roller 
/ Wooden saddles 
bearing /I= 18d 4- 3d 
Location of MOE frame 11 = gauge length 
Figure 3.10 Schematic layout of bending test 
3.3.4 Modulus of elasticity in bending (MOE) 
Determination of the modulus of elasticity in bending was the first investigation to be 
performed. For this test the log was placed in the two end saddles, located on the bearings, 
and was then aligned with the plane of bending vertical. Next the two saddles for the loading 
points were mounted on the log. It was decided to measure the elastic deformation on both 
sides of the log because this would allow the average deformation to be calculated. Although 
earlier research (Boyd, 1961; Wood et aL, 1960) has looked at larger diameter poles which 
would be used for applications such as transmission poles, there appears to be no previous 
work looking at the MOE for small diameter round timber. In order to measure the 
deformation it was necessary to design a lightweight system for fixing the measurement 
transducers in relation to the log. It needed to be clamped to the log, capable of 
accommodating the different diameters of the roundwood specimens and extendable in length 
in order to cater for the different gauge lengths that resulted from the variation of specimen 
diameter. This was achieved by using an aluminium. frame with adjustable end plates and 
threaded bolts to clamp the frame to the log. The frame had the benefit of being light and 
easily demountable so it could be quickly removed from the log before the log was tested to 
3. RDP Group, RDP Electronics Ltd., Wolverhampton 
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failure, for the MOR (see next section). Figure 3.11 shows a detail of the frame and how it 
was clamped to the log. 
Plane of bending along the top of 
the log 
Gauge points previously 
marked on the log 
Log 
-- 
Aluminium frame--. - 
Threaded bolts to 
secure the frame to 
the log at the gauge 
points Threaded rod 
adjustment of 
(fixing nuts 
clarity) 
rerspex DraUKULS bl; ICWUU LU 
both sides of the log at the 
centre of the gauge length 
to allow 
gauge length. 
omitted for 
LVDTs to measure 
deformation 
LVDTs to measure 
rotation of log during 
test 
Gauge: length of frame 
(adjustable) 
Figure 3.11 Frame detail for measuring modulus of elasticity in bending 
Deflection was measured by two calibrated LVDTs (type: D5/300AGRA (range ± 7.5mm)) 
fixed to the frame in the centre of the gauge length, the LVDTs would come into contact with 
perspex brackets mounted on two sides of the log. The LVDTs were then adjusted to 
previously marked zeroing points. Two further calibrated LVDTs (type ACT4000 unguided 
(range ±I 00mm) were attached to the frame to monitor sideways rotation of the log, since the 
curvature in some of the logs may have caused the logs to roll round in the test rig. The results 
showed that there was in fact negligible rotation. It is thought that the timber saddles may 
have provided some restraint to prevent the log rotating. Lateral restraint to prevent buckling 
in the horizontal plane was not provided, due to the symmetry of the circular section. Load 
was applied at a constant rate where the movement of the loading head was not greater than 
0.003d mm/s. BS EN 408 (1995) specifies that the maximum load shall not exceed the 
proportional limit and therefore two trial tests were carried out to establish the range of load 
required. This work was also used to test the equipment was functioning correctly, it was 
found that no adjustments were required. 
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To calculate the MOE, E,,, the expression given in equation 3.4 was used, which is based on 
the linear load defonnation curve (BS EN 408,1995). 
a? -FI) I(F2 Eqn 3.4 16, (W2 -W 1) 
where 
F2 - F, is an increment of load on the straight line portion of 
the load deformation curve 
W2-WI is the increment of deformation corresponding to F2 - 
Fl. 
0C is the distance between a loading position and the near- 
est support in a bending test, in millimetres 
I is the second moment of area, in millimetres to the 
fourth power 
This method for determining the MOE was chosen because it is based on the principle that the 
deformation is recorded in the area of maximum bending (within the middle third) and 
theoretically is therefore in a zone of pure bending. Work by de Vries (1998) compared the 
global and local measurements of MOE on small round timber, where local refers to the 
method described above and global is based on the full length of the specimen (I 8d). De Vries 
(1998) found that the global MOE was 6% below the local MOE, and there was no difference 
in the time taken to perform the tests. 
3.3.5 Modulus of rupture in bending (MOR) 
Once the test for the MOE was complete the frame (Figure 3.11) was removed from the log. 
To check for rotation during the measurement of MOR two LVDTs were attached to the 
perspex brackets that had been used for the MOE measurement. Again, it was found that there 
was neglible rotation during the tests. For convenience the LVDTs were then zeroed using the 
data logger, this allowed the readings to be monitored during the test. In addition to the 
calibration of all the LVDTs prior to starting the experimental work, regular checks were also 
carried out during the tests using slip gauges. The log was loaded in accordance with BS EN 
408 (1995) and failure was reached within 300± 120 seconds. In several cases the rate of load 
had to be increased in order to achieved failure within this time, which is permitted by the 
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Standard (BS EN 408 : 1995). Test times were also recorded on the data logger at 5 second 
intervals. Figure 3.12 shows a log under test. The bending strength, f,,,, was determined using 
equation 3.5. 
fm = 
aFmax 
2W 
where 
W is the section modulus, in millimetres to the third 
power 
F,,,.,, is the maximum load, in newtons 
cc is the distance between a loading position and the near- 
est support in a bending test, in millimetres 
Eqn 3.5 
The characteristic mechanism of failure for the samples consisted of wrinkling and buckling 
of the fibres on the compression side (top), and a tension splintering and pulling out of the 
fibres on the tension side (bottom). Similar modes of failure were found on transmission pole 
tests (Wood et aL, 1940), this is a cantilever test and failure is generally in the area of fixity, at 
the base. On completion of the test the log was removed from the test rig and a sample was cut 
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as close as Possible to the point of failure for the density and moisture content measurements 
(see section 3.2.5,3.2.6). 
3.3.6 Bending tests summary 
The bending tests were relatively straight forward to perform using standard testing 
equipment. A special apparatus had to be designed for measuring the MOE and this was 
found to work well for all the tests. Pre-marking the logs simplified the test set-up by 
facilitating the quick installation of the measuring equipment, and therefore reducing the 
overall experimental time. Owing to the round timber's curved surface and taper, additional 
measures needed to be taken, which would not be found with sawn timber. In particular 
specially designed wood saddles were required to support and load the log at the seating and 
loading points. It was important that the saddles matched the diameter of the log reasonably 
well so that as much as possible of the curved surface was loaded, otherwise localised 
crushing could have occurred. 
The apparatus constructed for the measurement of the MOE worked well for all the tests, and 
proved suitable for all the different diameters tested. Again, premarking of the log enabled 
quick installation of the test frame. Rotation of the log was found to be minimal for both the 
MOR and MOE tests probably due to frictional resistance from the wooden saddles restricting 
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Figure 3.12 Detail of log during test for bending strength 
any turning movement. Overall the bending tests were completed satisfactorily and generally 
in accordance with the requirements of an appropriately modified BS EN 408: 1995. 
3.4 Compression tests 
3.4.1 Introduction 
Compression strength in the longitudinal direction (parallel to the grain) is typically required 
for timber in situations such as columns and props where the load acts axially along the length 
of the log. The test is carried out on short sections of timber since this negates the need to 
consider buckling in the test, but in practice members tend to be long lengths so the members 
tend to fail by buckling rather than true compression. Compression strength is also regarded 
as being considerably lower than tension strength. However, establishing the tension strength 
for roundwood is very difficult due to the problem of clamping the timber to ensure that 
failure occurs in the timber and not at the clamps. For this reason no attempt was made to test 
tension strength, although there are formulae given in EN 384 : 1995, for sawn timber, to 
determine the tension strength based on the bending strength (U. Although EN 384 : 1995 
does provide a formula for calculating the compression strength, using the bending strength, it 
was decided to test independently for compression strength (parallel to the grain). This is a 
straightforward test to perform and was carried out using the standard test equipment. The test 
results which enabled comparisons to be made with the formula given in EN 384 : 1995 (see 
Chapter 4), as was previously mentioned, is typically associated with sawn structural timber. 
Part of the compression work comprised measuring the modulus of elasticity in compression 
(MOEC) as this parameter is employed in the calculation of the critical stress for the buckling 
of long columns. This test was also carried out in accordance with BS EN 408 : 1995. 
3.4.2 Diameter categories 
The diameter categories are shown in Table 3.2, and as previously explained the compression 
samples were cut from the top or bottom of the log; this meant the test pieces were randomly 
selected. For each class the diameter used was the lowest diameter of that class (e. g for class 
100- 125 a diameter (d) of 100 was used). 
3.4.3 Compression tests 
Testing for the compression strength was based on the requirements given in BS EN 408 : 
1995. The standard requires that the log is full cross section, and shall have a length six times 
the smaller cross-sectional dimension. Generally the taper was minimal (i. e. less than 2%) and 
was therefore considered to have an insignificant effect on the test result. The diameter used 
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to classify a log (see previous section) was the mean of two perpendicular measurements 
across the specimen. To ensure that the ends of the log were true and parallel to one another, 
and perpendicular to the length of the log, an aluminium frame was made with three locating 
bolts to hold the log. The bolts, equally spaced around the log, allowed the log to be adjusted. 
Once it was levelled in position it was securely fixed by the bolts; cutting was carried out with 
a bandsaw. A detail of the frame is shown in Figure 3.13. 
L. 
Figure 3.13 Detail of method used for cutting log for compression test 
API 
Testing was performed in a Satec Universal testing machine (Satec systems, Inc. ) with a 500 
kN load capacity, in a few cases the capacity of the machine was exceeded which meant these 
logs had to be tested in aI OOOkN capacity machine. 
3.4.4 Modulus of elasticity in compression (MOEQ 
In order to measure the elastic modulus in compression (MOEC) two aluminium rings were 
placed over the log and fixed by threaded bolts. Two diameters of ring were made to 
accommodate the different log sizes and the fixing bolts were placed at third points around 
the ring perimeters. The rings were set at a spacing of 4d (BS EN 408 : 1995), gauge rods 
were used initially to set the spacing and ensure the rings remained parallel prior to fixing. A 
schematic detail of the test set-up is shown in Figure 3.14. The standard (BS EN 408 : 1995) 
calls for two LVDTs to measure the deformation, with the aim of minimising the effects of 
distortion. The test was carried out using two ACT4000 unguided LVDTs, which were placed 
diametrically opposite each other. All the LVDT's were calibrated prior to the test and 
checked during the tests using slip gauges. 
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The load was applied at constant rate where the rate of movement was not greater than 
0.000051 mm/s. Several trial tests were carried out to establish the range of compression 
strengths that could be expected, and to test the equipment. All the measurements were 
Load 
Outline of log 
LVDTs placed diametrically 
opposite each other 
6d 4d 
11 Aluminium rings 
11> 
11w 101 
Locating blocks bolted to 
ring with threaded bolts to 
secure the ring to the log 
Figure 3.14 Schematic detail of equipment used for measuring modulus of elasticity 
recorded by a Solartron data logger S1353D and IBM compatible computer. Using Scorpio 
software it was possible to convert all the data into spreadsheet format. To determine the 
MOEC the equation 3.6 was used. 
Eo = 
11 (F2 - Fj Eqn 3.6 A(W2-W1) 
where 
F2 - F, is an increment of load on the straight line portion of the load defor- 
mation curve 
W2-WI is the increment of deformation corresponding to F2 - Fl. 
A is the cross sectional area, in square millimetres 
11 gauge length for the determination of modulus of elasticity, in milli- 
metres 
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3.4.5 Compression strength parallel to the grain 
Measurement of the compression strength parallel to the grain was carried out immediately 
after the MOEC test, without removing the aluminiurn rings since the mode of failure did not 
damage the rings. The load was applied at a constant rate and this was adjusted, if required, to 
ensure failure was reached within 300 =L 120s. Again all the readings were recorded in the 
same manner as the MOEC test. The compression strength was measured using the formula 
given in equation 3.7. On completion of the test a disk sample was cut from the log, close to 
the point of failure, for the density and moisture content measurements (see section 3.2.5, 
3.2.6). 
fF.. 
C, o = 
ax 
I 
Eqn 3.7 
The mode of failure for these tests was demonstrated by a gross shear band appearing on the 
face of the log. It was characteristic for this band to appear at one of the knot whorls as might 
be expected due to the constriction of the fibres passing through the knot cluster. Dinwoodie 
(1968) comments that this gross shear band is the final stage of the failure, earlier in the test 
buckling and kinking of the cell walls takes place. 
3.4.6 Compression test summary 
For these tests it was important to ensure that the ends of the specimens were cut parallel to 
each other. This would have been difficult to achieve using standard timber cutting equipment 
so the aluminium frame shown in Figure 3.13 was used. In conclusion, the compression tests 
were uncomplicated and simple to perform; with the tests being carried out in accordance 
with BS EN 408: 1995. 
3.5 Summary 
This chapter has looked at the techniques used to measure key roundwood parameters for 
bending and compression strength. Two of the main commercial softwood species were 
chosen for the work and to the author's knowledge this work is original and of significant 
importance in developing the future of small roundwood as a structural material for use in 
construction. A total of 800 tests were carried out to provide a suitable database of results in 
which a statistical analysis can be perfonned; this work will be discussed in Chapter 4. 
It was clear from the two species tested that the silviculture of the tree is of major importance 
in determining the quality of the timber. For the Scots pine samples used there was a better 
appearance overall with consistent knot spacing and general straightness. It was understood 
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that these specimens may be atypical owing to the good forest management and soil fertility 
of the forest stand, highlighting the benefit of these conditions in producing an overall better 
quality of timber. The sitka spruce, however, was of a lower quality, but was accepted as 
being representative of normal forest thinnings. 
Recording all the material properties for each log proved very time consuming, and yet this 
information is potentially important for the determination of the main strength properties. 
Once the statistical analysis of Chapter 4 has been carried out the essential variables that are 
needed for strength grading the timber will be identified. This should permit the number of 
material properties, that need to be recorded, to be reduced significantly and the efficiency of 
the process of determining the timber strength characteristics to be optimised. It is evident 
from both the bending and compression test failures that the knots are of particular 
importance since the majority of the failures occurred at the knots. 
Tests for bending and compression strength were carried out in line with the British Standard 
(BS EN 408 : 1995) to ascertain the respective mechanical properties, although variations had 
to be made to the tests to accommodate the round timber. Specialist apparatus had to be 
manufactured to cut, prepare and test the small round timber, because the curved surface of 
the roundwood makes it difficult to achieve regular surfaces using traditional wood cutting 
equipment. This is not the case for sawn timber. In addition, a novel method was used to 
determine the neutral axis, based on the average diameter at the respective locations; it 
appeared to work satisfactorily. 
The next chapter will look at identifying the key parameters that are needed to grade small 
roundwood for structural purposes, using the properties measured from the logs and test 
results discussed in this chapter. Structural grades for the roundwood, comparable with the 
current structural timber strength classes noted in BS EN 338 : 1995, are also proposed. 
Currently no structural grades exist for United Kingdom grown small diameter round timber 
and, therefore, this work should provide a valuable contribution to developing the use of this 
material. 
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Chapter 4 
Statistical analysis of the strength and 
stiffness properties of Scots pine and sitka 
0 spruce m bending and compression parallel 
to the grain 
4.1 Introduction 
Following the experimental work described in Chapter 3 the test data were statistically 
analysed to observe the effect of the different material properties on the strength results. The 
results and methods used are discussed in this chapter. In order to generate a consistent set of 
data, it was necessary to adjust for the differing moisture content of the samples. The 
effectiveness of this correction was tested by assessing the normality of the distributions of 
the adjusted data. The final data used for subsequent analysis are given in section 4.3.4 on 
page 70. 
The statistical analysis carried out had three elements. The first was to consider the 
correlations that might exist between different pairs of variables. The second (main) part was 
the multiple regression analysis. This was aimed at identifying the key variables for 
determining strength and stiffness in bending and compression parallel to the grain, and also 
at establishing quantitative dependencies that could be used for strength grading. The 
emphasis in establishing these quantitative dependencies is to base them on parameters of the 
timber that can be determined non-destructively. The third element was an analysis of the 
specific question of the influence of log diameter on the strength properties (section 4.4.4 on 
page 82). The chapter concludes with a discussion of the significance of the statistical results 
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obtained for strength grading, in particular using the non-parametric tests given in BS EN 3 84 
(1995). 
Results from this work are then used to suggest strength classes for the small round wood in 
keeping with categories given in BS EN 338 (1995) for sawn timber. The statistical analysis 
was carried out using SPSS computer software, Version 8.0 for windows, supplied by SPSS 
Inc. 
4.2 Previous work 
Prior to a recent European Union (EU) initiative, negligible work had been done on the 
strength grading and classification of small diameter round timber. Under the EU's fourth 
framework for research and development, a three year project was undertaken by five 
countries, between 1996 and 1998, to look at specific aspects of utilising small roundwood for 
construction purposes. One of the project tasks was to strength test the timber and from this 
several papers were produced. The following paragraphs will, therefore, look selectively at 
the findings from these publications. 
Ranta-Maunus et al. (1998) looked at Finnish Scots pine and Norway spruce and found the 
bending strength to be high in comparison with sawn timber; they attributed this to the 
continuity of fibre in the round form. The ratio of compression to bending strength was noted 
'0, as varying 
between 0.5 and 0.8. Regression models of the strength parameters (f. " E. " f, 
Ec, O) were developed for this material and it was found that knot parameters and density were 
influential in the equations. Generally the knot area ratio (KAR) was found to give the best 
indicator of the knot influence in the models, with the exception of stiffness where the 'knot 
sum' (ks) was found to be the most representative. The authors' (Ranta-Maunus et aL, 1998) 
preliminary results indicate that simple rules can be used for grading based on knots and 
annual growth, and by this method a material up to strength class C30 can be easily achieved. 
Work by Boren and Barnard (1999) looked at combining Finnish and British Scots pine, 
which were grown in different countries, to see if common grading rules could be applied. 
Similar experimental methods were used to test the material thus enabling comparisons to be 
made between the test data. The two sets of data showed comparable results, although the 
density for the British specimens was higher than for the Finnish samples. Multiple regression 
models were developed where the 'knot sum' per diameter (ksld) and density (P12) were 
found to be influential in all the equations. From the models it was found that different 
parameters, i. e. the independent variables, were significant for each of the strength properties 
(f.,, E.,, f, 
, 0, 
E, 
, o). 
Using the regression equations developed by Boren and Barnard, a 
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comparison was made using the moisture adjustment formula given in BS EN 384 (1995) 
with the dependence indicated by the models, and agreement was found within the limits of 
the natural variability of the material. This implied that the code formula could be used for the 
moisture content adjustment. 
A study by Barnard and Grifillis (1998) investigated the bending and compression strength of 
UK gown Scots pine and sitka spruce. The results from the Scots pine were also used for the 
joint British/Finnish study noted previously. Comparisons were made of the correlation 
between bending strength and density, and it was found that the Scots pine gave a 
significantly better correlation than the sitka spruce. The authors noted that the application of 
the 5th percentile (as recommended in BS EN 384 : 1995) tends to be conservative over the 
traditional statistical parametric tests using confidence levels. However, since only one batch 
of specimens had been tested an adjustment factor (k, ), given in BS EN 384 : 1995, had to be 
applied to the results thus further reducing the grade strength class. 
The Dutch partner from the project tested homegrown larch C'Iarix kaempferi (LAMB. ) 
CARR. ") in a machine rounded form. De Vries (1998) found this material to have good all 
round properties achieving a C40 grade for all strength parameters. The author found 
density (P12), knots and ringwidth (r) to be the most important parameters in his regression 
equations for the prediction of modulus of rupture (Q and modulus of elasticity (EJ in 
bending. A comparison was also made between the regression models and the code (BS EN 
384 : 1995) moisture adjustment factors, and it was concluded that the code factors were 
suitable for the roundwood. A one-way analysis of variance (ANOVA) was also carried out to 
investigate the influence of diameter on the material's bending strength. However, no 
evidence was found to suggest that diameter had any effect on strength for larch. 
A paper by Patzelt and Olbrich (1998) proposes a simplified method for grading small 
roundwood in Austria. Once more, based on multiple regression techniques, density (P12). 
knot diameter (W), spiral grain (sp) and cracks per circumference (crlci) were found to be the 
influential parameters. A polynomial for the knot diameter was considered to be a better 
predictor, for the bending strength (f. ), than the knot area ratio (KAR). The authors describe 
the knots as being the most significant parameter in establishing the strength non- 
destructively, since the determination of density requires sampling of the log, whereas the 
knots are generally visible on the log. However, for a high strength grade (e. g. C30 to C40), 
the model shows that the knot size should not exceed 15mm. 
These papers demonstrate the most recent research into the statistical analysis of small 
roundwood. Although the timbers tested originated from different European countries the 
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conclusions do show a general trend. The regression models show that density and knot 
characteristics are key indicators in the determination of bending and compression strength, 
but the compression strength grade is generally lower than the bending strength. The 
exception to this is the Dutch material which demonstrated good all round strength properties. 
Some of these works will be discussed further in the following sections for comparison 
purposes. 
4.3 Data: adjustment, distributions and results 
4.3.1 Introduction 
As previously discussed in Chapter 3 Scots pine and sitka spruce specimens were tested in 
bending and compression parallel to the grain (800 in total) with various mechanical 
properties being measured for each sample. The material properties measured for each 
specimen were considered to be properties that would be identifiable on a debarked log and, 
therefore, could be measured without taking samples from the log which would be destructive 
to the timber. The only exception to this is density, where the log had to be cut to obtain a 
specimen, but owing to the known strong correlation of density with strength this parameter 
was considered important enough to measure. This parameter was always measured after the 
test, near the point of failure. It was anticipated that having measured these material 
properties on a particular log the equations developed in this chapter could be used to 
determine a strength grade for the log. 
In order to make a meaningful statistical analysis of the data obtained, it is necessary to 
remove the effects of the unwanted variables. The most prominent of these which is known to 
have a significant effect on the test results obtained is the moisture content of the specimens. 
However, there is no definitive formula for adjusting for moisture content A key reason for 
this is primarily due to the vast number of species, with each having its own inherent 
variability. In addition, there have been two main schools of thought on the derivation of a 
suitable generalised formula for adjusting for moisture content; one being driven by the wood 
scientists while the other has been developed by the wood engineers (Dinwoodie, 200 1). The 
current standard (BS EN 384 : 1995) uses the formulae put forward by the wood engineers, 
and subsequently for this work the British Standard will be used. 
The procedure for adjusting the variable moisture content is discussed in the next section. 
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4.3.2 Adjustment of moisture content 
The procedure for measuring the moisture content (ýt) of the samples has been described in 
section 3.2.5 on page 47. Figure 4.1 shows the distributions obtained for the four classes of 
specimens. There appears to be a bimodal distribution in each case but this is a result of a 
change in the conditioning environment (noted in Chapter 3) in which the timbers were stored 
during the test programme. 
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Figure 4.1 Moisture content distributions for Scots pine and sitka spruce with regard to 
bending and compression strength 
These distributions emphasise the need to make appropriate adjustments to the values of some 
of the measured parameters. A method for making adjustment for this influence provided the 
timber has not been tested at the reference condition of 12% is given in BS EN 384 : 1995. 
The following equation is given for adjusting the moisture content to the reference condition: 
F2 = F, (I+ k(ýtj - p)) 
where 
F2 = adjusted parameter 
F, = test parameter 
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k adjustment factor 
N sample moisture content 
ýt reference moisture content 
The adjustment factors (k) noted in BS EN 3 84 : 1995 are shown in Table 4.1 
Table 4.1 Modification factors for moisture contcnt (ýt) adjustment 
Mechanicalproperty (F) k 
Bending strength (f. ) 0.00 
Compression strength parallel to the grain (f,; 0) 0.02 
Modulus of elasticity (E.,, E,, o) 0.03 
Density (p) -0.005 
Thus, for example, the compression strength parallel to the grain must be increased by 3% for 
each percentage point the moisture content exceeds the reference value of 12%. 
These modification factors are for samples not tested at the reference condition (12%), where 
they have a mean moisture content in the range of 10% to 18%. Since the moisture content for 
all the specimens in the present work was above the reference condition of 12%, the formula 
(equation 4.1) was used to adjust the samples to the required condition. In a few samples the 
moisture content slightly exceeded 18% but the error in adjustment was considered to be 
negligible with respect to the overall result. 
It was noted in section 4.3.1 on page 64 that there is no internationally accepted formula for 
adjusting moisture contents. In order to highlight this, although it is outside the main focus of 
this thesis, it was considered necessary to look at the current standards and the degree of 
variability that exists when adjustments are made to the different strength properties due to 
varying moisture content. To compare the diversity in the current international thinking on 
this subject comparisons have been made (Appendix Q between the current British Standard 
(BS EN 3 84: 1995) and the American Standard ASTM D 1990 (USDA, 1999), along with the 
internationally recognised work of Dinwoodie (2000). It is clear from the variation in the 
corrections proposed that none of these standards cited is likely to provide the correct solution 
for an individual wood species. 
4.3.3 Parameter distributions 
Having made the adjustment for moisture content the distributions of the parameter values 
were analysed. To determine if the data came from normal distributions, histograms were 
, 
ý. This form of graphical display is plotted for each of the required variables (f.,, E.,, 0, E, 
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widely accepted as being sufficient for establishing normality, however, special plots and 
statistical techniques are available which make it easier to assess normality (Norugis, 1997). 
One such plot is called a normal probability plot, or Q-Q plot, where for each data point, the 
Q-Q plot shows the observed value and the value that is expected if the data samples are from 
a normal distribution. The points should cluster around a straight line if the data are from a 
normal distribution, therefore, these two types of graphical display were used to assess the 
normal distributions for the strength parameters. 
Figure 4.2 shows the histogram distributions and Q-Q plots for the bending strength 
parameters (f.,, E. ) of the Scots pine. The data shows a general trend towards a normal 
distribution and this is strengthened by the Q-Q plots. Slight deviations from normality appear 
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Figure 4.2 Histogram distributions and normal probability plots (Q-Q plots) for MOR and 
MOE (Scots pine) in bending 
in the modulus of elasticity (E,. ) where the two extreme values show a small digression from 
the line. Examination of the data for these two points showed no major differences from the 
other data, however, one of the logs had no knots and the other had a relatively low knot area 
ratio (KAR) in comparison to the mean value. The other samples that had no knots, had 
values of E. close to the sample mean. 
4.3 Data: adjustment, distributions and results 67 
The compression strength parameters (f,, 0, E, , 0), 
for the Scots pine, are shown in Figure 4.3 
where normal distributions can be seen for both MOE and MOR. However, there is a 
deviation from the line at the upper end of the MOE and MOR plots for one of the values. 
Examination of the data showed that the same specimen gave both of these results. The main 
characteristics of the sample was that it had no knots and also its density was higher than the 
mean, but not the highest. The other properties were similar to those of the main sample base. 
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Figure 4.3 Histogram distributions and normal probability plots (Q-Q plots) for MOR and 
MOE (Scots pine) in compression 
Bending strength properties (f., E. ) are shown in Figure 4.4 for the sitka spruce. The results 
for the MOR show an approximately normal distribution and this is confirmed by the Q-Q 
plot. However the MOE data showed some deviation from a straight line in the Q-Q plot. 
Again the two extreme values deviated from the general trend and exhibited high densities 
with one of them recording the highest density of the whole sample base. The other notable 
point is that they both showed below average knot area ratios (KAR); the remaining 
properties showed no distinguishing characteristics. 
The compression results (f, , 0, 
E, 
,, 0) 
for the sitka spruce are shown in Figure 4.5 with both 
parameters showing normal distributions. One result for the MOE does show a deviation from 
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., 0 of 
27.1 kN/mrn2 the only noticeable property for this specimen was the trend line with an E, 
that its density was above the mean; however, it was not the highest value recorded. 
The density (p, 2) distributions for both species are shown in Figure 4.6 with bending and 
compression strength being represented. The distributions show reasonable normality and this 
was confirmed by Q-Q plots. The fact that the graphical plots for the strength properties 
(Figures 4.4 and 4.5) typically demonstrated normal distributions (which was confirmed by 
the Q-Q plot technique) is of significance for two reasons. In the first place the absence of any 
evidence of the bimodal features of the moisture content distributions (Figure 4.2) gives 
grounds to give some support for the effectiveness of the adjustment factors applied (see 
section 4.3.2 on page 65). Secondly the distributions do not exhibit any significant degree of 
skewness which could be indicative of the sample being biassed in some way in its selection. 
The distribution results are thus consistent with the samples being randomly selected within a 
stand, and the stand itself having no unusual systematic characteristics due to environmental 
factors, for example, digression from the trend line in the Q-Q plots occurred for one or two 
of the results at the upper end of the test data. The specimens that demonstrated these high 
values generally exhibited a high density (pl) or a low knot area ratio (KAR) relationship. 
Although it has not been considered part of this investigation, further examination would 
indicate the influence of these outliers on the whole sample. 
4.3.4 Adjusted test results 
As the results adjusted for moisture content appear to be well behaved, it is possible to draw 
up a table summarising the results obtained for future reference. Table 4.2 shows the mean 
and standard deviations for the test data from both species corrected to a moisture content of 
12%. Full details of the test results are given in Appendix A on page 248. The material 
properties are shown in the left column and this includes different ratios for the knots 
normalised to the log's geometric dimensions. These different ratios (ksld, ks1c, mk1d) were 
used because, in the initial stages of the analysis, it was not possible to say which would give 
the best correlation to the strength or stiffness. 
The noticeable differences between the Scots pine and the sitka spruce are the density (pl) 
and age (a) with higher values of 12% and 14 years being shown in the Scots pine. This 
density difference is reflected in the higher compression strength V"O) of the Scots pine, but 
not in the bending strength V,, ) as might be expected; the sitka spruce showed a 7% increase. 
The ring widths for the sitka spruce are nearly twice as great as those for the Scots pine, which 
suggests the sitka spruce was not as well grown. Similarity was found between the two 
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species for the different knot ratios in relation to bending strength, however, the ratios for the 
Scots pine compression strength do show slightly lower values. This is due to some of the 
Scots pine specimens demonstrating no knots. 
Table 4.2 Mean and standard deviations for bending and compression strength results 
(corrected to 12% ýt using BS EN 3 84 : 1995) 
Scots Pine Sitka Spruce 
Property Symbol Units Bending 
MeanlSt. D. 
Compression 
MeanlSt. D. 
Bending 
Meanl& D. 
Compression 
Meanl& D. 
Age a yrs 33/6 33/6 19/4 19/4 
Circumference C mm 396/32 396/34 395/38 388/45 
Diameter d mm 126/10 126111 126/12 124/14 
Elastic modulus in 0 
kNImm2 - 12.2/2.8 11.6/2.9 
compression 
Elastic modulus in Em kNImM2 13.1/4.1 - 13.9/4.5 - 
bending 
Modulus ofrupture in A0 NImM2 28.4/4.9 - 24.7/3.6 
compression 
Modulus ofrupture in fin NIMM2 53.8/9.3 57.5/10 
bending 
Knotsum ks mm 75/39 55/46 77/27 68/32 
Knotsurn per ks1c 19/10 14/12 20/7 17.8/8.7 
circumference 
Knotsum per ksld 59/30 4V36 62/22 56/27 
diameter 
Maximum knot mk mm 22/10 18/13 19/5 1V 
diameter 
Maximum knot per mk1d 17/8 14/10 1614 15/6 
diameter 
Knot area ratio KAR 0.18/0.09 0.14/0.12 0.20/0.08 0.18/0.10 
Density at 12% P12 kglm3 529/41 539/48 478/40 476137 
moisture content 
Ringwidth r mm 2.0/0.4 2.010A 3.6/0.9 3.7/0.9 
Taper I mnvým 3/1 3/1 3.1/1.3 3.1/1.3 
Moisture content tt % 19/1.9 17.1/1.7 18.3/2.2 17.3/1.8 
Pith P 0.6/0.5 0.6/0.5 
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4.4 Statistical analysis 
4.4.1 Introduction 
Statistics can be described as a method of collecting, processing or interpreting quantitative 
data (Rowntree, 1991). It is a tool for investigating the relationships between different 
parameters or material properties from which conclusions can be drawn on possible outcomes 
or the likelihood of something happening. Owing to the variability in the mechanical and 
strength properties of the timbers, the use of statistics is indispensable in determining safe 
design parameters. The following work will investigate the relationship between the 
mechanical properties of the timber (independent variables) and the strength properties 
(dependent variable) using correlation and multiple regression techniques. This latter method 
will derive equations that can be used to calculate strength parameters (rn, Enu f,, 0, E,; 0) for 
the two species tested: Scots pine and sitka spruce. In addition the effect of the log diameter 
on bending strength will be analysed (section 4.4.4 on page 82). The results from the 
statistical analysis will then be used (section 4.5 on page 85) in non-parametric tests to 
investigate possible strength grades of the roundwood in accordance with the categories given 
in BS EN 338 : 1995 as this has not been previously accomplished. A study such as this has 
not been carried out on UK grown small diameter round timber before. It is a key element in 
futhering the development of small round timber as a structural material. 
4.4.1.1 Correlation between variables 
In order to measure the direction and strength of the linear relationship between two 
quantitative variables correlations were carried out for variables established in the 
investigation. Tables 4.3 to 4.6 show the matrices of Pearson correlation cocfficients (R) 
(Norugis, 1997) that were measured, for both the Scots pine and sitka spruce, for all the 
variables, with regard to the bending and compression material. The variable for the location 
of pith has been removed, since this was found to have a low correlation (R< 0.1) with all the 
variables. By examining these tables it is possible to establish if there is a linear relationship 
between any two variables. It is also possible to observe how much each variable will 
contribute if a more significant variable is already included in the model equations for the 
strength parameters (f.,, E.,, f, 0, Ec 0. All the knot related variables have been included in the 
model because at this stage it was unclear which method of expressing the knot would give 
the best correlation. As a result the variables comprising the knot properties show strong 
correlations with each other, as would be expected, since their expressions were derived using 
the same measurements. These have been grouped together and enclosed in a box for ease of 
recognition. 
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It is possible to define a level of significance for any value of correlation coefficient given in 
the table. Thus for example, a coefficient of 0.5 corresponds to a significance at the 99.9% 
level while 0.3 corresponds to significance at the 99.8% level. In the tables which follow, the 
values over 0.5 have been enclosed in a box and shaded in red to facilitate interpretation. It 
was also of interest to consider the correlation coefficient that would equate to the equivalent 
confidence limit of the UK sawn timber industry for determining the strength grades of 
timber, prior to the introduction of the European standard BS EN 384 (1993). Sunley (1968) 
stated that a 2% level of probability was the level used by industry for sawn timber grade 
stresses. By using the significance of correlation equation (Chatfield, 1996) the correlation 
coefficient (R) for a 2% level of probability (R>0.232) was established (i. e. 1% of the values 
lie outside the range of the normal distribution curve). In addition, this would establish 
whether there was any relationship between these variables and those found in the multiple 
regression equations discussed in section 4.4.2 on page 77. The correlation coefficients which 
are higher than the industry accepted value are shaded in red in Tables 4.3 to 4.6 for ease of 
identification. 
Generally speaking, the coefficients for the data are very low and this would not be 
uncommon with a timber material of this nature. Also it is important to note that the knot 
properties (ksld, ks1c, mk1d, mk, KAR) are independent of the geometric properties, age (a) and 
circumference (c). 
Tables 4.3 and 4.4 show the correlations of the Scots pine specimens. The former for the 
bending material and the latter for the compression material. 
In the first instance it is interesting to check the correlations which we might expect to see. 
For the Scots pine compression material we find correlations for both f, 0 and E, 0 on the 
density p12, and betweenf,; 0, and E, , Othemselves. 
For the bending material the picture is less 
well defined: f. and E. appear to be correlated but their dependence on density is significant 
only at the 99.8% level. 
Looking at the lower parts of the tables, Table 4.3 indicates (at the 99.9% significance level) a 
correlation between d and ý; ýt and c, r and a. The first two are clearly the same relation, but 
its physical origin is difficult to explain. The last relationship is perhaps not unexpected and is 
found also as the only correlation to exist at this level in Table 4.4. 
The tables also indicate that (as anticipated in section 4.3.1 on page 64) the moisture 
correction formula does not adjust the samples completely since one would expect the 
correlations between the adjusted variables and the moisture content to be lower if the 
adjustment had been successful. 
4.4 Statistical analysis 74 
Table 4.3 Pearson correlations (R) for Scots pine bending material 
E. f. P12 4 1 C d r a ks mk mk1d ks1c AsId KA R 
E 1.00 1.675 1 . 377 . 226 L j 
-. 095 -. 026 -. 026 -. 127 . 125 -. 217 -. 214 -. 
191 -. 188 -. 192 -. 163 
--. 1.00 . 467 -. 070 -. 
306 -. 351 -. 351 -. 346 . 22i -. 
3411 -. 354 -. 283 -. 274 -. 276 -. 265 
P12 1.00 -. 048 -. 272 -. 028 -. 0-17 -. 449 . 438 -. 257 -. 244 -. 230 -. 
232 -. 238 -. 131 
1.00 . 131) . 
334 -. 089 0.03 -. 013 -. 115 -. 067 -. 067 -. 170 
1.00 . 210 . 208 . 
325 -. 278 . 220 . 
224 . 188 . 166 . 169 . 132 
C 1.00 1.00 . 258 . 059 . 121 . 125 -. 
051 -. 064 -. 054 -. 111 
d 1.00 . 254 . 063 . 119 . 
124 -. 051 -. 056 -. 055 -. 113 
r 1.00 
El 
- 284 . 
213 . 174 . 
243 . 242 . 131 
a 1.00 -. 250 -. 213 -. 233 -. 261 -. 260 -. 169 
ks 1.00 . 889 . 
871 . 980 . 981 . 917 
mk 1.00 . 948 . 866 . 866 . 819 
mkd 1.00 . 869 . 891 . 850 
ks,, c 1.00 1.00 . 948 
ks d 1.00 . 948 
KAR 1.00 
Table 4.4 Pearson correlations (R) for Scots pine compression material 
F, oopI-, ýl t c d r a ks mk m Cd As 'c ksd KA R 
E,, 0 1.00 
[. 727 . 5131 -. 153 
0 
-320 -. 112 -. 112 -. 176 . 
130 -. 245 -145 . 000 -147 -144 -. 
240 
fr, o 7ý --452 -. 
326 -. 145 -. 145 -136 . 236 -. 222 -. 170 . 112 -. 223 -. 219 -. 182 
P12 1.00 -. 314 -. 337 . 012 . 012 -. 
432 . 352 -. 246 -. 185 . 090 -. 252 -. 244 -. 194 
9 1.00 . 186 . 
057 . 057 . 
288 -. 204 -. 291 -. 342 -. 092 -. 288 -. 290 -. 278 
t 1.00 -. 018 -. 018 . 325 -. 
278 . 140 . 083 -. 
072 . 148 . 148 . 142 
c 1.00 1.00 . 024 . 
082 . 136 . 054 -. 058 . 051 . 052 . 095 
d 1.00 . 024 . 082 . 
136 . 054 -. 058 . 051 . 052 094 
r I. 00 Ell -- 
015 -. 032 . 020 -. 046 -. 044 -. 017 
a 1.00 . 062 . 047 . 019 . 087 . 080 . 043 
ks 1.00 . 880 . 
858 . 992 . 993 . 947 
mk 1.00 992 . 
885 
. 
885 
. 
859 
mkd 1.00 . 
877 . 877 . 844 
ks c 1.00 . 999 . 940 
ks d 1.00 . 943 
KA R 1.00 
For the Scots pine bending material the correlation between d and g was found to be above the 
99.9% level. This suggests the bending material was not seasoned uniformly and, therefore, 
the formula given in BS EN 384 (1993) is possibly not suitable for this material, however, the 
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compression material demonstrated no correlation; although all specimens used for both tYpes 
of test came from the same log and were conditioned under the same environment. 
In contrast to the Scots pine the sitka spruce showed no significant dependence on P12 (i. e. 
below the 99.9% level) and the strength parameters are correlated with each other, for both 
types of material, only at the 99.8% level. The only other notable correlation at the 99.9% 
level is r and a, which occurred in both sets of data. As expected there is a correlation above 
the 98% level between P12 and r, and P12 and a for all the data. These relationships for the 
Scots pine are stronger than for the sitka spruce and are highlighted in green. Thesitkaspruce 
Table 4.5 Pearson correlations (R) for sitka spruce bending material 
E,,, f pl, ýj I c d r a ks mk mkd ksc k-s d KA R 
E 1.00 . 456 . 245 . 359 -. 089 . 156 . 156 -. 147 . 222 -. 183 -. 166 -. 218 -. 
211 -. 215 -A96 
f. 1.00 . 260 - 118 -. 162 -. 209 -. 209 -. 
289 
. 127 -. 166 -. 184 -. 084 -. 089 -. 094 -. 054 
P12 1.00 . 234 -. 
017 -. 136 -. 136 -. 420 . 361 -. 131 -. 174 -. 113 -. 071 -. 080 -. 058 
9 1.00 . 005 . 
256 . 256 . 007 . 118 -. 096 -. 205 -. 
289 -. 158 -. 169 -. 183 
t 1.00 -. 208 -. 208 . 343 -. 417 . 266 . 190 . 242 . 320 . 316 . 337 
c 1.00 1.00 . 157 . 262 . 080 -. 038 -. 376 -. 190 -. 190 -. 207 
d 1.00 . 157 . 20-1 . 080 -. 038 -. 376 -. 190 -. 190 -. 207 
r 1.00 
El 247 
. 
242 . 168 . 193 . 193 . 193 
a 1.00 -. 218 -. 263 -. 329 -. 273 -. 276 -. 276 
ks 1.00 . 613 . 525 . 958 
L6 58 . 959 - 959 . 921 - 92 1 
mk 1.00 . 933 . 616 . 614 . 617 
mk1d 1.00 . 624 . 622 2 
J. 
63 
ks1c _ 1.00 L . 999 . 968 
ks1d 1.00 9 . 969 
KAR 1.00 
results between g and d are low which suggest this material was uniformly seasoned 
throughout the log. 
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Table 4.6 Pearson correlations (R) for sitka spruce compression material 
F, 0 f, () t c d r a ks mk mkld kslc ksld KAR 
Ec 
0 
1.00 . 439 . 281 . 007 -. 
310 -. 173 -. 172 -. 213 . 205 -. 102 -. 105 -. 020 -. 
037 -. 038 -. 007 
fc, 0 Loo . 260 -. 440 -. 
384 . 121 . 122 -. 183 . 298 . 012 -. 019 -. 041 -. 
026 -. 031 -. 049 
P12 1.00 . 098 -. 191 -. 043 -. 042 
432 
. 259 . 077 -. 055 -. 
017 . 086 . 084 . 094 
9 1.00 . 026 -. 056 -. 057 -. 002 -. 026 . 044 . 
057 . 083 . 
087 . 088 . 060 
t 1.00 -. 199 -. 199 . 3434 417 . 038 . 088 . 164 . 
098 . 096 . 048 
c 1.00 1.00 . 132 . 152 . 040 -. 021 -. 295 -. 269 -. 263 -. 278 
d 1.00 . 132 . 153 . 040 -. 020 -. 295 -. 
268 -. 263 -. 278 
r 1.00 
EI 
-. 100 . 404 -. 008 -. 149 -. 148 -. 165 
a 1.00 . 113 . 
026 -. 004 . 068 . 069 . 062 
ks 1.00 . 835 . 772 . 
942 . 944 . 895 
mk 1.00 . 947 . 795 . 798 . 741 
mkld 1.00 . 826 . 828 . 781 
ksle 1.00 . 999 . 955 
ksld 1.00 . 956 
KA R 1.00 
4.4.1.2 Summary of correlation matrices 
Correlation matrices are useful for looking at the strength of the linear relationship between 
pairs of variables. Although, as Norugis (1997) explains, from a correlation coefficient it is 
difficult to tell if a straight line is a good summary of the data or whether it is just better than 
no line. The Scots pine material shows stronger relationships between the main variables than 
the sitka which suggests the material is more consistent in its mechanical properties. This 
correlation was used to inform the multiple regression analysis in the next section. 
4.4.2 Multiple regression models 
Multiple regression is a technique where more than one variable (independent) is used to 
predict the value of a dependent variable, which in this case is a strength property (f,,,, E f, 0, 
E, 0). This method was applied in order to develop models for the strength properties 
previously mentioned. A stepwise variable selection process was used to build the models and 
this is one of the multiple regression model methods available in the SPSS statistical software 
package. This procedure works on the principle of entering variables into the model, and then 
removing any variables already in the model that are no longer adequate predictors. This 
means those variables whose importance diminishes as additional predictors are added or 
removed. 
During the regression analysis it was apparent that taking the logarithm for the dependent or 
independent variables improved the homoscedasticity for some of the models. For the Scots 
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pine material the largest correlation (Rý value was found by taking the logarithm of the 
dependent variable; this was also the case for the bending strength and stiffness properties (f., 
E,,, ) of the sitka spruce. The sitka spruce compression material, however, was found to give a 
larger correlation without modifýring the independent variables. The following models were, 
therefore, established using these methods. Where parameters appear in the equations below 
they are assumed to be expressed in the units given in Table 4.2. The coefficients have been 
quoted to 2 significant figures. 
MODEL 1. Scots pine bending matefial 6ýd 
logf. = 1.614+0.00079pl2+0.0087it-0.0035d-0.19KAR Eqn 4.2 
Therefore 
fm = 10 
1.614+0.00079pl2+0.0087iL-0.0035d-0.19KAR 
Eqn 4.3 
For the Scots pine bending material it was found that by taking the logarithm of the dependent 
variable the largest correlation value was obtained. The value of F (F-value) for the Analysis 
of Variance (ANOVA) in the model (Eqn 4.2) is 16.877 and its significance is <0.00005. The 
multiple coefficient of determination for Model I (adjusted R2) is 0.39 and the standard error 
is 0.058. All multipliers for the independent variables in the model are significant. It is clear 
from the model (equation 4.3) that the density is an important parameter in contributing to the 
determination of the bending strength (Q, with the moisture content (ýt) being the second 
positive multiplier. The negative multipliers are the diameter (d) and the knot area ratio (KAR) 
where the diameter shows the larger multiplier. To establish if all the residuals were normally 
distributed the cumulative probability plot of the standardised predicted values was plotted 
(P-P plot). Ideally, the points should lie along or adjacent to the diagonal, otherwise the 
residuals are not considered normally distributed. Figure 4.7 shows the plot for model I 
where it can be seen that the points generally lie along the diagonal line, the residuals are 
therefore considered to be normally distributed. To ascertain if the assumptions of linearity 
and homogeneity of variance have been met, the scatterplots of the regression standardised 
residual and regression standardised predicted value were plotted. If the cluster of points 
shows no pattern the assumption is therefore confirmed. The scatterplot for model 1 is 
presented in Figure 4.7 and there is no obvious pattern to the plot, the assumptions of linearity 
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and homogeneity of variance are thus supported. These basic assumptions were successfully 
tested for the remaining models, but the graphical outputs are not displayed. 
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Figure 4.7 Nonnal P-P plot and scatterplot of dependent variable logf.. 
MODEL 2 Scots pine bending material (E,, d 
logE. = 0.324+0.0013PI2+0.026g-0.0032d 
Therefore 
10 
0.324 + 0.0013PI2 + 0.026ýL-0.0032d 
3 
Eqn 4.4 
Eqn 4.5 
The F-value for the model (Eqn 4.4) is 10.876 and its significance is <0.00005. The multiple 
coefficient of determination for Model 2 (adjusted R2) is 0.23 and the standard error is 0.1119. 
All multipliers in the model are significant and the basic statistical assumptions behind the 
model are fulfilled. 
MODEL 3. Scots pine compression material (f,, d 
Therefore 
logf,, o = 1.467+0.00057pl2-0.018ti-0.00035ks 
C, o = 
101.467+0.00057pl2-0.018IL-0.00035ks ft 
Eqn 4.6 
Eqn 4.7 
The F-value for the model (Eqn 4.4) is 31.703 and its significance is <0.00005. The multiple 
coefficient of determination for Model 3 (adjusted R2) is 0.48 and the standard error is 0.05. 
All multipliers in the model are significant and the basic statistical assumptions behind the 
model are fulfilled. 
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MODEL 4. Scots pine compression material (Ec, 
logE,, o = 0.620+0.00093PI2-0.014t 
Therefore 
E,, o = 10 
0.620 + 0.00093P12- 0.014t 
Eqn 4.8 
Eqn 4.9 
The F-value for the model (Eqn 4.8) is 23.277 and its significance is <0.00005. The multiple 
coefficient of determination for Model 4 (adjusted R2) is 0.31 and the standard error is 0.077. 
All multipliers in the model are significant and the basic statistical assumptions behind the 
model are fulfilled. 
MODEL 5. Sitk-a spruce bending material 6ýd 
1.848 - 0.026r 
Thercforc 
f, 10 1.848 - 0.026r 
Eqn 4.10 
Eqn 4.11 
The F-value for the model (Eqn4.10) is 11.564 and its significance is <0.00005. The multiple 
coefficient of determination for Model 5 (adjusted Rý is 0.10 and the standard error is 0.0673. 
The multipliers in the model are significant and the basic statistical assumptions behind the 
model are fulfilled. 
MODEL 6 Sitka spruce bending material (E, ) 
logEm = 0.660 + 0.020g + 0.0058a Eqn 4.12 
Therefore 
EM = 10 0,660 
+ 0.020it + 0.0058a 
Ep 4.13 
The F-value for the model (Eqn 4.12) is 10.3 83 and its significance is <0.00005. The multiple 
coefficient of determination for Model 6 (adjusted Rý) is 0.016 and the standard error is 
0.1107. All multipliers in the model are significant and the basic statistical assumptions 
behind the model are fulfilled. 
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MODEL 7 Sitka spruce compression material O'c, d 
f-1.0 = 31.785-0.99t+0.024pl2-o*8811 Eqn 4.14 
The F-value for the model (Eqn 4.14) is 20.298 and its significance is <0.00005. The multiple 
coefficient of determination for Model 7 (adjusted R2) is 0.37 and the standard error is 2.855. 
All multipliers in the model are significant and the basic statistical assumptions behind the 
model are fulfilled. 
MODEL 8 Sitka spruce compression material (Tc, 
E,, o ý 11.832-741t+0.017p, 2-0-015c Eqn 4.15 
The F-value for the model (Eqn 4.15) is 7.803 and its significance is <0.00005. The multiple 
coefficient of determination for Model 8 (adjusted RF) is 0.17 and the standard error is 2.66 1. 
All multipliers in the model are significant and the basic statistical assumptions behind the 
model are fulfilled. 
4.4.3 Review of regression models 
The reliability of the multiple regression equations for determining the respective strength 
parameters for the respective species used is difficult to determine since the data are only 
from one forest for each of the species. Low correlations were found for all the models with 
the coefficient of determination (adjusted Rý being below 0.5 in all cases. In particular, the 
sitk-a spruce models 5,6 and 8 show very low correlations (<0.2) and are probably not worthy 
of consideration. The identification of a threshold (for Rý of acceptance of a model is 
difficult to achieve at present since there appears to be no literature of a similar type nor an 
industry standard on which such a criterion (albeit arbitrary) could be based. 
From the eight regression models presented above it is possible to see the most influential 
variables and their effect for each of the timber's mechanical properties. The following 
inferences can be drawn: 
Dcnsity(p, 2)influencesf., E,,,, f,, O, Ec ,0 of 
the Scots pine material 
For the Scots pine onlyf,,, E.,, f, ,0 are 
influenced by moisture content (g) 
Knot relationships are only found to affectf., f, ,0 
for the Scots pine and none of the 
strength parameters for the sitka spruce 
Moisture content (p) only acts onf, ,0 
for the sitka spruce material 
Diameter (d) and knot area ratio (KAR) have a clear negative relationship on the Scots 
pine'sf. 
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4.4.4 Log diameter 
According to the British Standard BS EN 384 : 1995, for samples not tested at the reference 
depth (150 mm) in bending (Q and tensile strength then these strengths should be adjusted 
using the formula given in equation 4.16, where the adjustment is carried out by dividingf,,, 
by kh. This, therefore, implies that specimens below the reference depth have a strength that is 
higher than the deeper members (>150 mm). 
k, h ýT 
5 010.2 [Lh ý 
where 
ki, = adjustment factor 
depth (diameter) of section in mm 
Eqn 4.16 
For small roundwood it might be expected that a reduction in diameter would lead to a 
decrease in the bending strength, possibly due to the presence of more juvenile wood in the 
younger tree. A simple way to study this influence is to look at the scatterplots of the bending 
strength and diameter. The quantitative method adopted was first used to categorise the timber 
into two diameter groups and to compare the average values using a paired sample t test 
(Moore and McCabe, 1999). In addition it is possible to use equation 4.3, on pige 78, to 
investigate the influence of the diameter, as this equation has diameter and knot area ratio as 
two of the parameters for determining bending strength. However, this equation is only 
applicable to the Scots pine material, since the same relationship was not found for the spruce 
material. These are described in the following section. 
Figure 4.8 shows the scatterplots for the Scots pine and sitka spruce bending material. Both 
species demonstrate a general trend of increasingf. with a reduction in diameter, although the 
Scots pine shows a stronger influence than the Sitka spruce. Although the correlations for 
these relationships were very low (being 0.123 and 0.024 respectively). Using the data trend 
lines it appears that there is some discernible trend in both cases. Examination of the two 
scatterplots shows several outlying data points which appear to affect the correlation. By 
using additional statistical analysis it is possible to determine the influence of these outliers 
on the trend line, however, this would require ftu-ther investigation. In addition, an analysis 
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was performed for these two species where the sample was split into two diameter categories. 
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Figure 4.8 Scatterplots of Scots pine and sitka spruce bending material with regard to 
bending strength and diameter 
The first group comprised samples below 125mm while the second was the specimens above 
125mm. These two groups were chosen to give a reasonable sample size for each group. 
A quantitative approach adopted was to test an hypothesis concerning the relation of the two 
means using a paired samples t test. The null hypothesis (HO) stated that for a paired design 
there is no difference between the average values for the two groups of a pair in the 
population, while the alternative hypothesis (H,, ) stated that a difference did eNist between the 
average values. The hypotheses are summarised as follows: 
null hypothesis Ho: wl= o2 
alternative hypothesis H.: 131 * 102 
where 
HO null hypothesis 
H,, altemative hypothesis 
'Cal mean of diameter group I 
W2 mean of diameter group 2 
This procedure was used because is would enable the bending strengths to be compared for 
the different diameter groups, since the results came from the same species. The null 
hypothesis for a paired design is that there is no difference between the average values for the 
two groups of a pair in the population. Since this test is fundamentally the same as a one 
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sample t test, the same assumptions are required for its use. This means that the differences 
should come from a normal population and to check for this, Q-Q plots were performed (see 
section 4.3.3 on page 66) and in both cases the diameter data showed normality. The output 
for the tests is shown in Tables 4.7 and 4.8. For both species, the result is significant (1% 
level) for the paired sample tests, suggesting that the null hypothesis can be rejected and thus 
there is a difference in the bending strengths between the two average values for the diameter. 
Table 4.7 Paired samples test for Scots pine bending material 
Paired Samples Test 
Paired Differences 
95% Confidence 
Interval of the 
Std. Std. Error Difference Sig. 
Mean Deviation Mean Lower Upper t df (2-tailed) 
Pair I diatneter>125 - -6.1561 13.8473 2.1626 -10.5268 -1.7854 -2.847 40 . 007 diameter<125 
Table 4.8 Paired samples test for sitka spruce bending material 
Paired Samples Test 
Paired Differences 
95% Confidence 
Interval of the 
Std. Std. Error Difference Sig. 
Mean Deviation Mean Lower Upper t df (24ailed) 
Pair I diameter<125 - 4.4396 12.6996 1.8330 . 7520 8.1271 2.422 47 . 019 diameter>125 
4.4.5 Discussion of the influence of diameter on bending strength 
It is apparent from the results above that, for the specimens tested in this programme of work, 
there is an increase in strength for diameters below 150mm. From the scatterplots (Fig. 4.8, 
on page 83) both species demonstrate a diameter influence, with the Scots pine showing a 
stronger relationship. The second method used a paired sample t test which also inferred that 
the mean bending strengths of the two samples were different. These methods all point to the 
same result and it can, therefore, be concluded that for diameters below 150mm there is an 
increase in strength. It is realised that there are some further questions that need to be 
answered in order to fully justify these findings, but this could only be achieved by additional 
investigation. 
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4.5 Strength grading of small roundwood 
4.5.1 Introduction 
For timber to be utilized safely in structural applications, it is necessary for the designer to 
know certain engineering characteristics about the material, and one of these is the strength 
grade of the timber. By giving the timber a strength grade the designer is able to ascertain 
certain strength properties for the timber, such as bending or compression strength, which can 
then be used to determine the timber's suitability under working conditions. Grading of 
structural sawn timber has been common practice for many years and is one way of advancing 
the material's effective utilisation. This process is therefore seen as being instrumental in 
developing the use of small diameter roundwood as a structural material. 
Since the establishment of the European Community, there has been a significant 
development in timber grading standards with new proposals being put forward in order to 
rationalize the grading system. The aim of this was to make the market more accessible and 
thus allow competition to reduce the costs of timber. It was also hoped that it would simplify 
the work of the designer and enhance the appeal of timber as a structural material. For 
example in the UK there are over one hundred species available for structural use (Fewell, 
1991), which makes it impractical to provide a grade for every one of these species. 
Therefore, by making the strength classes appropriate for these different species, from the 
aspects of species/grade/source, the different properties can be accommodated within the 
classes. 
Within the last decade two British standards have been produced as part of the rationalisation 
of grading timber across Europe (BS EN 518,1995; BS EN 519 : 1995). These standards 
identify the parameters for which the minimum limits shall be given for visual and machine 
grading. However, to categorise the timber into a strength class, further information is needed 
on the timber's mechanical characteristics and density. These latter characteristics are to be 
determined in accordance with BS EN 384: 1995. Currently, visual grading has its limitations 
in terms of providing specifications to cover all the strength classes given in BS EN 338 
(1995). The current practice for visually grading timber in the UK is to grade the timber in 
accordance with BS 4978 (1996), which specifies permissible limits for two grades (GS and 
SS)I. 
Further details are then provided in BS 5268 : Part 2 (1996), on the mechanical properties of 
the different species available in the UK. By using this standard and those noted before, 
1. GS - General structural, SS - Special structural 
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regardless of its origin, the timber can then be graded for structural use in timber construction. 
However, these standards have all been written for structural sawn timber and, to the author's 
knowledge no standards exist for grading small diameter round timber. In order to provide a 
foundation for future testing, the following sections will, therefore, describe how the grades 
were established for the two small roundwood species tested as part of this investigation, by 
using the results obtained from the experimental tests described in Chapter 3. 
4.5.2 Small roundwood grading 
Owing to the relationship between the strength and stiffness properties of softwoods and 
hardwoods it is possible to establish strength classes for timber. Experimental data have 
shown that the important strength and stiffness properties of sawn timber can be calculated 
from bending strength, or modulus of elasticity, or density (Glos, 1995b). Thus a particular 
species/source/grade combination can be assigned to a specific strength class based on the 
characteristic values of bending strength, modulus of elasticity and density. BS EN 33 8: 1995 
details the strength classes for both coniferous and deciduous species; there are 9 classes for 
the coniferous species (C 14 to C20). 
Although the visual and mechanical strength grading standards for sawn timber were 
inappropriate for the small roundwood, BS EN 384 : 1995 formed the basis for establishing 
the characteristic values in this investigation. Certain requirements are noted in the standard 
to ensure that characteristic values can be compared in order to assign different combinations 
of grades and species to strength classes. These points are noted below. 
" The test material shall be a representative sample of the population. 
" The number of specimens shall not be less than 40. 
11 Testing shall be carried out in accordance with EN 408 (1995). 
Determination of the characteristic values utilizing BS EN 384 : 1995 uses either parametric 
or non-paramctric methods. For the bending and compression strength, a non-parametric 
technique is specified, while for density a parametric procedure based on a normal 
distribution is applicable. These methods were, therefore, also used to analyse the present data 
and to determine the characteristic values as described in the following section. 
4.5.2.1 Analysis of data 
Determination ofsample 5hpercentile 
For each sample a 51h percentile value (f0s) was determined for the bending (fn) and 
, 0). 
This was obta ncd by ranking all the test compression strength parallel to the grain (f, i 
values in ascending order. The 51pcrcentilc value was the test value for which 5% of the 
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values were lower. The code does allow for interpolation between values if the total number 
of test values is not divisible by 20. 
Bending and compression strength 
The bending and compression strengths were determined in accordance with BS EN 408 : 
1995 which complies with the requirements of BS EN 348 : 1995. However, for the bending 
strength the code states that the reference condition for the depth should be 150mm. Where 
the depth of the timber is less than 150mm, an adjustment formula is given in the code (see 
section 4.4.4 on page 82) although, as previously mentioned, this document was written for 
sawn timber. It was shown in section 4.4.4 on page 82 that a smaller diameter for the 
roundwood (below 150mm) resulted in an increase in bending strength for both the scots pine 
and sitka spruce material, suggesting that a similar correction might be appropriate for 
roundwood. However, any choice of a reference diameter would at present be premature since 
there is insignificant data available to justify any particular value. For this reason no 
adjustment was made to the present data, although the potential need for one should be borne 
in mind in the subsequent discussion. 
4.5.2.2 Characteristic values 
Characteristic value of strength Q 
The characteristic strength value of strength (fk) was calculated as follows: 
fc, O, k orfm, k ý 
T05 X ks X kv Eqn 4.17 
where 
. 
705 is the mean (in newtons per square millimetre) of the adjusted 5th 
percentile value (f05) for each sample, weighted according to the 
number of pieces in each sample. 
k, is a factor to adjust for the number of samples and their size 
is a factor to adjust for the variability offO5 for machine grades in 
comparison with visual grades. For visual grades k, = 1.0, and for 
machine grades k, = 1.12 
As a result of there being only one sample (100 specimens) for each species, a k, of 0.84 was 
used. The value was established from Figure 1 in BS EN 384 : 1995. The value for kwas 
taken as 1.0. 
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Modulus of elasticity 
Once the value of F had been adjusted for the samples to the reference condition using the 
adjustment factors given in section 4.3.2 on page 65 the characteristic values of Eý, oý . and E 
.;. were calculated using equation 4.18. 
SE 
Eý, 0, mean or 
Em, mean _1n, Ep 4.18 En, 
where 
nj is the number of specimens in the sample j 
Ej is the mean value of modulus of elasticity for the sample j, in new- 
tons per square millimetre. 
Density 
Since the moisture content of the specimens was not at the 12% reference condition an 
adjustment had to be made to the density test results. The adjustment was carried out in 
accordance with the code (see section 4.3.2 on page 65): if the moisture content was higher 
than 12% the density was decreased by 0.5% for every percentage point difference in 
moisture content, and vice versa if the m/c was lower than 12%. The sample 5thpercentile was 
then calculated using equation 4.19. 
3 
Eqn 4.19 P12,05 12 - 1.65 x s) kg/m 
where 
T12 is the mean of the density, in kilogrammes per cubic metre 
S is the standard deviation of the density, in kilogrammes per cubic 
metre 
The characteristic density (p, 2 , k) was 
then calculated using equation 4.20 
r- 12, K 
'P12,05, f X Eqn 4.20 
En, 
where 
PIZ 05, J is the 51percentile value of density (at 12%) for sample 
nj is the number of specimens in the sample 
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4.5.3 Strength classes 
Tables 4.9 and 4.10 show the results for the bending and compression samples with regard to 
the Scots pine and sitka spruce specimens. The characteristic values are shown in order to 
allow correlation with the strength classes of BS EN 338 : 1995, and the data has been 
adjusted to the reference condition of 12% moisture content. The strength classes are based on 
the test data. Considering bending alone, the poles were of high strength attaining strength 
classes of C30 and C35 for the scots pine and sitka spruce respectively. The results show that 
the round timber's bending strength is higher than that of sawn timber cut from the same pole. 
This is attributed in part to the shape of the section and the continuity of the material fibre. 
Since only one sample has been tested for each species, a modification factor (ko of 0.84 had 
to be applied, owing to the single sample, thus further reducing the characteristic strength. 
The 5h percentile approach appears to give an excessively conservative value of the strength 
of the timber. Comparing the figures with results obtained by a more traditional statistical 
approach, based on a 5% exclusion limit, values of 39 and 40 N/: mm2 would be achieved. 
However, had the k, factor not been applied then the results would have been higher than those 
reported in tables 4.9 and 4.10. This would have brought the results more in to line with those using the 
more traditional approach 
Table 4.9 Bending strength and elastic modulus results 
Species No. Dia MIC Density Bending Elastic Suggested 
(A v) (m1q) Strength Modulus EN 338 
mm % kg/m3 N/MM 
2 (f., D kN/MM2 Class 
Mean 5% Mean 5% Mean 5% 
Scots Pine 100 126 19 534 462 54 39 13 8 C30 
Sitka Spruce 100 125 18 478 414 57 44 14 9 C35 
A summary of the compression strength results are shown in Table 4.10 and these values have 
been calculated in accordance with BS EN 384 (1995). It can be seen from the table that the 
compression strength achieves a lower strength classification under BS EN 338 (1995) than 
the bending results, with the Scots pine and sitka spruce reducing to strength classes of C27 
and C18 respectively. The characteristic values, for the Scots pine, show a reasonable 
comparison with the figures given in BS EN 338 (1995), before the modification factor for the 
sample size is applied. Applying the modification factor reduces the strength class for 
compression below that for bending strength. This makes the compression strength the 
determining factor, if the strength class is to be based on both parameters. As Glos (1995b) 
remarks, with this type of strength class system economic loss of grades may be created, 
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because if the timbers fails on one of the specifications, for one class, then the timber will 
have to be allocated to a lower class. He then goes on to explain that this problem only occurs 
with visual grading, whereas with machine grading, the timber can be directly graded to a 
strength class by appropriate machine settings. Furthermore, the economic losses could be 
reduced if the strength class boundaries to the characteristic values for common grades were 
adjusted. 
Table4.10 Compression strength and elastic modulus results 
Species No. Dia MIC Density Compression Elastic Suggested 
(Av) (m1q) Strength Modulus EN 338 
mm % kg/m3 N/MM 2 kN/MM2 Class 
Mean 5% Mean 5% Mean 5% 
Scots Pine 100 126 17 539 468 28 22 12 8 C27 
Sitka Spruce 100 124 17 476 419 24 18 12 8 C18 
As mentioned before, experimental data have shown that the characteristic strength and 
stiffiiess properties can be calculated from either bending strength, modulus of elasticity or 
density. From this relationship formulae and graphical plots have been produced to allow this 
correlation to be used in practice (BS EN 384: 1995; Glos, 1995b). For this investigation, the 
correlation between bending (f,,, k) and compression strength (f,, ok) was considered the most 
significant and is, therefore, discussed in the following section. 
4.5.4 Discussion on strength classes and the relationship between 
bending and compression strength 
The two species tested in this study showed good bending strength properties with high 
grades being achieved by both species. Whereas the compression strength demonstrated a 
lower strength class; the sitka spruce showed a dramatic reduction from the bending class of 
C35 to a strength of C18. Classifying the timber, based on the lowest strength class, means 
that the Scots pine would be a C27 and the sitka spruce a C18 respectively, which is to the 
detriment of the higher bending strength. This method of grading the small roundwood has 
emphasised the validity of Glos's comment with regard to the difficulty of visual grading. 
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4.6 Summary 
A combination of parametric and non-parametric statistical tests have been used to analyse 
the test data established from the experimental tests described in Chapter 3. These techniques 
have enabled correlations to be made between the different material properties, and using the 
multiple regression models the influential parameters have been established for the various 
strength properties. 
In general the Scots pine specimens were of a better quality than the sitka spruce, although 
this was not reflected in the bending strength results. The compression and density were, 
however, higher for the sitka spruce. The knot properties generally demonstrated similar 
results although ringwidth for the Scots pine was nearly half the value for the sitka spruce. 
The correlation matrices, for the bending and compression strength, allowed the association 
between the individual variables to be examined. The data indicated the mechanical 
properties of the Scots pine material had a greater consistency than the sitka spruce and this 
result was supported by the multiple regression models. The greatest correlation was in 
general found by taking logarithms of the dependent variable. The exception was the sitka 
spruce compression material where direct use of the results gave the best solution, For the 
Scots pine material the density was found to be influential in all the models, and for the 
bending and compression strength knot characteristics, moisture content and diameter were 
all significant in the model. In the case of the sitka spruce material, the density parameter was 
only found to be important in the compression material, while taper alone was shown to be the 
only significant variable for the bending strength. Overall the Scots pine material 
demonstrated higher correlation values than the sitka spruce. 
The results from the correlation matrices and multiple regression models indicate that 
moisture correction formula given in the code for sawn timber (BS EN 384,1995) has not 
been completely successful in adjusting the parameter values for varying moisture content. It 
is unclear at present whether this is due to the essential generalisation involved in the standard 
itself (see section 4.3.2 on page 65), or whether a different form of correction would be more 
appropriate for small roundwood. It should therefore be used with caution until further testing 
is carried out to verify these flindings, since the bending material from the bending tests 
showed high correlation values (R>0.5), and the multipliers in the regression equations 
demonstrated different signs for moisture content (ýt) adjustment. 
Between the regression models, there was little consistency in terms of the variables that 
would be expected for determining the strength properties (fn, E.,, f,; o, E,, o) of the timber. All 
the correlations were below 0.5, and three of the sitka spruce models gave values of below 0.2 
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Caution is, therefore, suggested when using these three models. The threshold for rejecting 
the equations is difficult to establish since, to the author's knowledge, no similar work has 
been carried out before on UK small roundwood in order to compare the data, and hence base 
the rejection criteria. 
It is accepted that for sawn timber, where the depth is below 150mm, an increase of bending 
and tensile strength occurs and as a result of this, BS EN 384 : 1995 has provided a formula 
to recognise this condition. This phenomenon was investigated for the small roundwood and, 
for both species, an increase in strength was demonstrated with a reduction in diameter. From 
the tests carried out, the Scots pine demonstrated more strongly the effect of a strength 
increase with a reduction in diameter. 
The two species tested in this investigation showed good bending strength and categorising 
the results in accordance with BS EN 338 (1995), high strength classes were achieved. This 
high bending strength is in part attributed to the shape of the section and the continuity of the 
material fibre. The compression strength for both species, however, exhibited lower strength 
classes and if the timber was graded based on the lowest parameter (i. e. the compression 
material) then this would be to the detriment of the high bending strength. Owing to the single 
samples, a modification factor for the sample size was applied to the data which further 
reduced the strength classes for the roundwood. 
To establish if there was a relationship for strength grading in accordance with the method 
used for sawn timber, the test data were compared with the formula given in the code (BS EN 
384 : 1995). The Scots pine demonstrated a reasonable relationship with the code equation, 
however, the sitka spruce gave a poor association with the code work of Glos (1995b). The 
noticeable differences between the two test results were that the Scots pine exhibited a higher 
density and ringwidth than the sitka spruce. Density was also found to be one of the 
influential parameters in the regression models for the compression strength of both species, 
but ringwidth was not found to be significant. 
The introduction of the British Standard (BS EN 338,1995) has led to the timber being 
categorised into strength classes. The aim of this was to make the market more accessible and 
thus allow competition to reduce the costs of timber. Although primarily introduced for sawn 
timber the possibility of classifying round timber using the code has been demonstrated in this 
chapter. Prior to this classification the timber is graded and this can be achieved either 
visually or mechanically. Visual grading would require the identification of specific 
characteristics and their relationship to the log's strength. For the mechanical grading the 
relationship between fm and E. is used, and this is considered to be a much more effective 
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method of selection than visual inspection (Curry and Covington, 1974). From the correlation 
matrices (section 4.4.1.1 on page 73) good correlations were found forf. and E.,, andf, 0 and 
E,, O for both species (Scots pine >0.65 and sitka spruce >0.40) which means that machine 
grading small roundwood would be possible. These findings are further supported by Glos's 
work (Glos, 1995a) which suggests that correlation coefficients of 0.7 - 0.8 betweenf. and E. 
,0 and 
E,, 0 are acceptable for machine grading. andf, 
'Me statistical work described in this chapter has not been carried out before on small 
diameter round timber and should, therefore, provide new and important information in order 
to advance the use of this material for structural purposes. The next chapter will look at 
another key aspect of roundwood which has not been considered before: the material's 
embedment strength and how it can be determined. 
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Chapter 5 
Experimental methods for embedment 
testing of small roundwood 
5.1 Introduction 
Embedment strength of timber is an important parameter in the design of structural timber 
connections. It is defined as the ultimate stress of the timber under the fastener at maximum 
load, and is obtained from a special type of joint test called the embedment test (Hilson, 
1995). It can be determined either by formulae or by experimental methods. The embedment 
strength parameter was established during an extensive research programme, in the 1980's, 
where different fasteners (nails and bolts) were tested in sawn timber and board materials in 
order to derive the formulae noted above. The formulae developed for determining the 
embedment strength incorporated the two variables, timber density (p) and fastener diameter 
(d). In current design practice only one timber density has to be specified. This is because the 
formulae were established by experiments on mature timber, and board materials, and are thus 
in principle valid only for such a material. However, it has been shown during the current 
work that density can vary across small roundwood by up to 32%; this variation would affect 
the embedment strength and thus the load capacity of a connection. This means that for the 
formulae established, for the embedment strength of sawn timber and board materials, cannot 
safely be used on small roundwood, and a new series of experiments are needed to determine 
appropriate formulae for the embedment strength of this material. It would be possible to 
parallel the extensive programme of work on sawn timber mentioned above using a simple 
figure such as mean density. However, while this could provide adequate working formulae, it 
could be difficult to establish formulae which could be applied across species. It is well 
known that the mean density varies significantly between species (see section 5.3.2 on page 
99) and it may be expected that there would also be some variations of density profile 
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between species. It was felt that it would be more valuable to investigate in a more detailed 
way, the manner in which the density variation affects the embedment strength. The 
experimental work has been based on the British Standard for testing embedment strength 
(EN 383 : 1993) although modifications had to be made to accommodate the round timber. 
This chapter reports the experimental methods used and the results obtained. A vital part of 
the work was the measurement of the density profiles (section 5.3) prior to the embedment 
strength tests themselves (section 5.4). Table 5.1 summarises the tests that were carried out 
and these are outlined in section 5.2. In order to obtain a deeper understanding of the process 
involved it was intended to model the embedment test using finite element analysis (FEA). 
This is described in Chapter 6. The FEA required, in addition to the density and embedment 
strength test results, information on the tensile strength of the steel dowels used as fasteners 
and on the proportional limit of the timber. The procedures for obtaining this information and 
the results obtained are also included in the present chapter in sections 5.5.1 and 5.5.2. 
Table 5.1 Summary of experimental tests 
Test 7ýpe 
Density profiling 9 Gravimetric density 
* Decay detection drill 
X-ray CAT 
Helium pycnometry 
Embedment 0 Novel method for testing roundwood, based on 
three point loading (TM 1) 
Utilisation of the American method (TM2) 
Roundwood samples cut to 4d to comply with 
maximum width criteria of EN 383: 1993 (TM3) 
Testing of roundwood log cut into segments (2d) 
across the log's diameter (TM4) 
Fastener 0 Tensile test 
Proportional limit 11 Compression tests on square samples cut from 
roundwood 
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5.2 Summary of experimental tests 
5.2.1 Introduction 
Although the details of the experimental tests used are presented fully in the chapter, this 
section gives a simple outline of the different tests that were used 
5.2.2 Density profiling 
5.2.2.1 Introduction 
The term density profiling was used in this context to describe the change in density across 
the log, since the review of previous work (Chapter 2) and section 5.3 had shown that 
significant variations can be found in the density for small round timber Several approaches 
to measuring the density were adopted. 
5.2.2.2 Gravimetric method 
The first approach of measurement was the gravimetric method since this is the normal 
method adopted by industry for determining timber density. It gives the average value of the 
density for the whole specimen of timber and is often called basic density or the gravimetric 
density. In this case a roundwood specimen was cut into pieces (see section 5.3.3) and the 
density determined for each piece. The gravimetric density is defined by the ratio of mass to 
volume and is calculated using Equation 5.1. 
m 
V 
where 
p gravimetric density in kg/m' 
M mass in kg 
V= volume in m3 
Eqn 5.1 
It is important to note that for gravimetric density the volume measurement was the whole 
sample volume and this comprises the extractives, and the cell and wood fibre volumes. 
Similarly, these components were included in the measurement of the mass. Full details of 
how this parameter was measured are discussed in section 5.3.4 on page 101. This technique 
is laboratory based and requires samples to be taken from the log (i. e. it is destructive). A non 
destructive method was, therefore, used because this would also have practical applications 
which meant it could be used insitu. This particular piece of equipment is referred to as a 
decay detection drill and is described in the next section 5.2.2.3. 
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5.2.2.3 Decay detection drill 
The decay detection drill is principally used for establishing decay in timber. The device 
works by rotating a flat tipped piece of wire at high speed through the timber; the number of 
drill rotations are recorded, along with the depth of drilling. The drilling resistance can then 
be established from the number of rotations, and at the depth at which it occurred. In addition, 
correlative work has now been carried out whereby density can be established based on the 
number of drill rotations. A detailed description of this test is given in section 5.3.6 on page 
107. 
Both the gravimetric method and decay detection drill give density for the whole sample and 
thus are unable to identify any potential variations in the density of the wood fibres 
themselves across a log. The approach suggested in the literature to measure this latter 
variation is helium pycnometry which is described in the next section. 
5.2.2.4 X-ray CAT 
X-ray Computer Assisted Tomography is a non-destructive method for measuring density, 
and was carried out on a small timber sample using a sophisticated form of X-ray analysis. 
The technique uses an X-ray source and optical densitometer, where the X-rays are passed 
through the timber and are then recorded by a detector located behind the sample. Computer 
manipulation of the data algorithms allows the images to be reconstructed into 3-dimensional 
images, and from these images the density can be viewed anywhere within the sample. The 
procedure is detailed in section 5.3.8. 
5.2.2.5 Pycnometric density 
Pycnometric density in this context refers to the density of the wood fibre material and this 
was measured using helium displacement. The volume and density of the timber are 
determined by measuring the pressure change of helium in a calibrated volume. Helium is 
used because of its ability to penetrate the void space within materials which in this instance 
comprises voids in the wood cells. The procedure for performing this test was carried out 
using a special apparatus and details describing this are given in section 5.3.8 on page I 11. It 
will be seen in section 5.3.10 that the density measurements obtained are approximately three 
times higher than those for the gravimetric density, the reason for this is due to the fact that 
only the wood fibre density is being measured. 
5.2.3 Embedment tests 
As mentioned in section 5.1, the embedment test is used to establish the embedment strength 
of the timber where the ultimate bearing stress is determined directly below a fastener at 
maximum load. The aim of the test is to determine the stress using a stiff linear fastener when 
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no bending occurs in the fastener. Current standards (BS EN 383 : 1993) limit the bending in 
the fastener by restricting the width of the sample, this however, is considered unacceptable in 
the case of the small roundwood due to the varying density profile across the log (see section 
5.2.2 on page 96). To examine the effect of the density variation on the embedment strength, 
four different tests were carried out (TM I, TM2, TM3, TM4); a summary description of these 
tests is given in Table 5.1 and the full description and discussion are given in section 5.4.1 on 
page 118. 
The first test (TM I) was performed using equipment specifically designed for testing small 
roundwood, which would allow the sample to be tested without cutting through the 
longitudinal fibres (see section 5.4.3). The results from this test showed that the fastener was 
bending during the test whereas the aim is for the fastener to remain completely rigid so that a 
uniform bearing stress is achieved. These findings led to testing the logs using the American 
approach (TM2); in this instance the log is cut along the line of the fastener and the fastener 
remains rigid due to it being loaded directly through the loading platen of the test rig (see 
section 5.4.4). Comparisons could thus be made between the results obtained from these two 
tests. 
Following these two tests the work was extended to investigate logs within the width 
requirements given in the code BS EN 383 : 1993 (i. e. between 1.5d to 4d). Sample widths of 
2d and 4d were chosen since this would be within the limits of the code. These samples could 
also be tested using the same equipment as test TM L In the case of the 4d test (TM3) the 
sample was cut from the middle of the log as this would give a symmetrical density variation 
beneath the fastener (Figure 5.1). For the 2d test (TM4) it was possible to cut three samples 
across the log (see Figure 5.1). In this instance the two outer samples (Nos. I and 7) would be 
expected to have higher densities than the middle section, this should be reflected in the 
embedment strength %) results. 
5.2.4 Fastener tests 
To determine the yield stress of the steel dowel used in the experimental work on embedment 
tests, standard tensile tests were used. Details of this work are described in section 5.5.1 on 
page 14 1. 
5.2.5 Compression tests on square samples cut from roundwood 
Another parameter required for the numerical analysis (Chapter 6) was the limit of 
proportionality of the timber, in compression parallel to the grain. To measure this parameter, 
a series of tests was carried out on samples cut from different sections of the log, since this 
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would give a density range on which to establish a relationship between the density and the 
limit of proportionality. This work and the results obtained are described in section 5.5.2 on 
page 142. 
5.3 Density Profiling 
5.3.1 Introduction 
Density is considered to be one of the most important parameters in characterising timber for 
structural uses; for example the structural code for timber strength classes (BS EN 33 8: 1995) 
relates directly to the density. Furthermore, embedment strength is a property used in the 
design of timber connections to determine their load carrying capacity; and a strong 
correlation has been found between this property and density (Whale et aL, 1989). It was from 
this correlation that code formulae (EC5 : 1994) were developed to calculate embedment 
strength utilising the timber density. 
Currently, the design of structural timbers uses the average density of the section since most 
structural sections are cut from large diameter (mature) logs where the density variation, in 
the timber section, is relatively small in comparison to the overall timber density across the 
trunk. However small roundwood timber contains a large proportion ofjuvenile wood and the 
density is known to vary by as much as 25% across the section (Brazier, 1966), which should, 
therefore, be considered in the design of timber connections. Density profiling is a term used 
to describe the process of measuring the density profile across a log. Measurement of the 
density profile can be achieved in various ways and the following work will discuss three 
methods that have been used, two are carried out after testing and one uses a non-destructive 
technique. This latter method was developed for detecting timber decay, but the results 
obtained can be used to determine density. It should be noted that density profiling was only 
carried on the embedment test samples. 
5.3.2 Justification for density profiling 
As previously mentioned density is one of the main parameters used in determining the 
quality of timber, but for structural applications density is based on an average value. This is 
sensible for sawn timber since the timber is generally cut from a much larger diameter logs 
where the density variation will be smaller. Small diameter round timber is typically felled as 
part of forest thinnings process, and is young in comparison to the age of trees left to grow for 
use later. The age of thinnings typically ranges from 15-25 years whereas mature timber may 
be felled as late as 65-80 years old for commercial use. Consequently, the small roundwood 
contains a lot ofjuvenile wood resulting in a density variation within the timber. 
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Brazier (1966) looked into the variation of density in stands of sitka spruce (picea sitchensis) 
and found that from the pith there was a general trend for the density to increase to the outer 
edge. He explains that most juvenile wood, up to about five years, was characteristically 
dense, thereafter there was a rapid fall to a minimum between 10 and 15 year of which the 
density begins to rise again. Adult wood of 25-35 years also demonstrated density variations 
of 270 to 420 kg/M3. Extending his earlier work, Brazier (1970) goes on to discuss the reasons 
for this density variation and concludes that one reason is the vigour with which the tree 
grows and, therefore, the management of the trees' growth has a significant influence on the 
density. 
The work of Harvald and Olesen (1987) showed agreement with the conclusions of Brazier 
(1966) in that the basic density, in sitka spruce, showed a decrease for rings 8-12 after which 
there was a gradual increase in density towards the bark. In addition, they conclude that the 
basic density for the juvenile wood tested was very high in spite of wide growth rings, and 
that this was of direct importance to the Danish wood products and sawn timber industry, 
since the mechanical properties are positively correlated with the basic density. 
The significance of timber density (p) (taken as the average through the specimen) in 
determining embedment strength was realised by Whale et at (1989) who developed 
expressions for embedment strength using this parameter and the fastener diameter (d). 
Following an extensive programme of work (Smith and Whale, 1987; Rodd et at, 1987; 
Hilson et at, 1987; Whale et at, 1989; Hilson et at, 1990) expressions were developed for 
various types of timber and wood products using different fasteners; these expressions went 
on to be adopted for the European timber design code (EC5,1994). Similarly, Wilkinson 
(1991) found relationships for dowel bearing strength and (mean) specific gravity of the 
timber, but in both cases no consideration was given to the density variation within the timber, 
and as mentioned earlier, this density variation can be significant in small roundwood. 
Based on the lack of previous research into the density profiling of timber, particularly small 
diameter timber and how this variation would influence the embedment strength, a series of 
tests were performed. The following work is, therefore, considered novel and will provide 
valuable information by contributing to the development of timber connections for small 
roundwood. 
5.3.3 Density sampling 
Four types of embedment test were carried out (TMI, TM2, TM3 and TM4) and density 
profiles were measured for each test; full details of the tests are described in section 5.4 on 
page 118. The three techniques for determining the density were explained in section 5.2 on 
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page 96, each method required different sample preparation and these will be described in the 
following sections. The first two methods required cutting the sample into segments 
immediately after the embedment test was complete, and the number of segments is shown in 
Figure 5.1. For the samples used in embedment tests I and 2 (TM 1, TM2) the samples were 
cut into seven segments across the full log width, this number was chosen because it gave 
symmetry about the middle of the log, assuming the pith was located in the centre. Seven 
segments were also considered a sufficient number to generate a density profile across the 
log. A sample width of 20mm was chosen since this represented the largest bolt diameter to 
be tested, 20mm. was also the smallest size that could be safely cut on the bandsaw, 
consequently, this determined the height of the samples. This sample width (20mm) was also 
used for the 4d and 2d wide samples (TM3, TM4) since it provided symmetry across the 
sample. 
5.3.4 Gravimetric density 
Following the completion of each embedment test, the sample was cut into segments using a 
bandsaw, which was found to be the most efficient method for cutting the round timber. 
Figure 5.1 shows the number of segments in rclation to each of the embedment tests and these 
segments were cut directly below the line of the dowel in order to represent the embedment 
strength density. Also beneath each sample a whole disk was cut in order to determine the 
whole sample density. Any loose splinters were removed from the sample, following the 
cutting, and then the samples were weighed to an accuracy of 0.0 Ig on a Mettler PM 11 digital 
scale. Each sample was then marked and pla ced in an oven for 24 hours at a temperature of 
103 T±2T. The sample was then reweighed and placed back in the oven for a further 6 
hours, after which the sample was weighed again and, providing the difference between these 
last two readings was not greater than 0.5%, the sample was considered to be at zero moisture 
content. 
Initially, the volume of the sample was determined, after oven drying, by recording the length 
breadth and thickness, but as Desch (1996) points out, this is normally suited to regular 
specimens with a minimum dimension of 25mm. It was, therefore, decided to measure the 
volume by water displacement. Measuring the volume by this method required the samples to 
be coated with an impervious material, because these samples were also being used for the 
pycnometric test where the samples need to have an open cell structure. Thus the fibre density 
was measured using the pycnometer prior to the samples being coated. Throughout this period 
the samples were kept dry in the oven at a constant temperature of 103 'C. 
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TEST METHOD 1 AND 2 (TM1, TM2) 
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Figure 5.1 Detail of sampling method for determining density profile of embedment tests 
On completion of the pycnometer measurements the samples were painted with one coat of 
polyurethane vanish and immersed into a container of water placed on the zeroed Mettler 
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PMll digital scale, readings were recorded to an accuracy of 0.01g. The two volume 
measurements were compared and it was found that the average difference between the 
readings was 4%. Consequently, the remaining samples were tested using the former method, 
since this was easier to perform and less time consuming. 
5.3.5 Test results for gravimetric density 
Whole sample densities were determined for each of the samples where the average basic 
density for the Scots pine was 500 + 43.3 (S. D. ) kg/m3 and the sitka spruce 
458 ± 38.6 (S. D. ) kg/m3. Density profiles were then determined for each of the test segments 
and the results are summarised in Figure 5.2. For these samples, the difference in density 
between the centre and outer edge is 22% for the Scots pine, and 20% for the sitka spruce, 
thus signifying a high variation across the timber. It can be seen from the samples in Figure 
5.2 that the average density does not portray the density range. The sitka spruce profile 
demonstrates similar characteristics to those observed by previous researchers (Brazier, 1966; 
Olesen, 1976), who found that the density reduced slightly for the first 3 to 4 years after 
which the density increased upto the age of about 25 years. After this time the density became 
relatively constant with successive years' growth. In the case of the Scots pine it can be seen 
that the density exhibits a continuous increase from the central segment To the author's 
knowledge this is the first time that density profiles have been measured for Scots pine; 
previous investigators appear to have tested only sitka spruce and Norway spruce (Picea 
abies) (Brazier, 1966; Olesen, 1976; Linstr6m, 1996b). These species were tested since they 
were considered to be representative of conifer species. However, the present results for the 
Scots pine indicate that there is a difference in the shape of the profile when compared with 
these other two species. 
The exception to this dished profile occurs where the tree is subjected to an abnormal 
situation. It is typically referred to as reaction wood and it is the result of adverse growing 
conditions. For example, it can be the result of the position at which the tree grows in the 
forest or because of a condition known as leaning stem. Six of the thirty samples that were 
tested clearly demonstrated this feature (I Scots pine and 5 sitka spruce), and Figure 5.3 
shows one of the profiles where the gravimetric density on one side of the log is 14% higher 
than the density on the opposite side. Bodig and Jayne (1993) point out that reaction wood can 
take two forms, either compression or tension wood, and in the former case the density can be 
up to a third higher than the average density. However, considering the higher density, the 
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Figure 5.2 Profile of gravimetric density for all small roundwood samples (Scots pine and 
sitka spruce) 
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compression wood is weaker than would normally be expected. Similarly with tension wood 
the density can be higher than normal wood by as much as 30% (Bodig and Jayne, 1993). 
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a) 
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400 
Whole sarnýle dry density 
- 538 kg/m 
Average segment dry density 
- 562 kg/M 3 
Figure 5.3 Typical density profile for small diameter round timber with reaction wood 
Since it was felt that the grossly asymmetric results may be biassing the statistics, the data 
were recalculated with these six elements omitted (i. e. I Scots pine and 5 sitka spruce). The 
effect of this is seen in Figure 5.4. Comparing this with Figure 5.2 we see that the change in 
the central section in the Scots pine is negligible, however, both outer regions (segments I and 
7) show an increase in density as a result of omitting the grossly asymmetrical results. For the 
sitka spruce the situation is different for the central region, since the local increase in the 
density for the middle segment is markedly lower, although, again the outer regions 
(segments I and 7) become higher in value. 
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Figure 5.4 Profile of gravimetric density for symmetrical small roundwood samples only 
(Scots pine and sitka spruce) 
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5.3.6 Decay detection drill (Sibert) 
Measurement of timber density generally requires samples to be cut from the timber in order 
to carry out the test as described in the previous sections. Recent advances in non-destructive 
testing have produced various methods to examine timber properties and one of these 
methods is a decay detecting drill, which measures density based on the drilling resistance. 
Manufactured by Sibert Technology Limited, the drill was principally developed to detect 
decay in timber without damaging the wood, apart from the I mm hole left after drilling. The 
use of the drill was then extended to determine density based on empirical data (Seaby, 1991). 
Non-destructive testing of timber is the favoured method for structural assessment of historic 
buildings. Variations on this method of measuring the drilling resistance, and then developing 
density relationships, have been carried out throughout Europe (Gbrlacher, 1991 -, Rinn, 1998) 
with relatively good density correlations being reported. 
The drill operates on the principle of a piece of wire, with a specially machined tip, being 
rotated at high speed while penetrating the timber. The drilling pressure is monitored by 
sensors, fitted to the drill guide, and light indicators notify the operator if the correct pressure 
is being applied. Output is based on the number of rotations per millimetre penetration and 
this is recorded digitally by the drill, with direct input to a computer; the drilling can also be 
monitored visually on the computer. A graphical record can also be produced by a revolving 
drum, which forms part of the drill, if a digital output is not needed. The equipment is shown 
in Figure 5.5. 
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Figure 5.5 The decay detection drill 
Choosing this method to determine the density of roundwood was based on the fact that the 
variability of roundwood density would make laboratory sampling time-consuming if 
numerous rapid assessments were needed. This method also avoided the need for cutting the 
timber, and measurements could be carried out insitu since the equipment is portable. 
5.3.7 Test results for decay detection drill 
The drill records the number of rotations per millimetre of penetration and this is recorded 
directly on to a standard IBM compatible PC, the graphical output was not used. It was 
noticed, from several runs, that the drill was sensitive to the timber's fibre structure. Slightly 
different results were observed when drilling in close proximity to the previous drill hole. 
Occasionally the drill tip would not exit the timber diagonally opposite the point of entry; this 
was due to the flexibility of the drill bit which would travel in the direction of least resistance. 
Penetration of the first 20mm would produce high rotation readings. This was due to the 
drill's initial perforation of the timber fibres and tended to distort the true rotation readings in 
this area. Two typical drill readings are shown in Figures 5.6 and 5.7 in which the two 
drillings are being carried out from opposite sides of the log. 
30 
20 
25 
8 15 
10 
0 
5 
0 20 40 60 80 100 120 
Distance (mm) 
Figure 5.6 Typical drill profile for drilling timber from left side. 
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Figure 5.7 Typical drill reading for drilling from right side 
The peaks and troughs in the rotation readings represent the drill passing through the rings of 
the wood, with the peaks representing the latewood. Whilst the two graphs show a relatively 
similar appearance, the drillings had been carried out from opposite sides of the timber, and 
these readings (Figures 5.6 and 5.7) were characteristic for all the drillings. The size of the 
drill tip was continually monitored during the drilling, with digital calipers, to check any loss 
of width; a constant width was measured throughout the drillings. These initial high rotation 
readings are possibly due to the drill being cold at the start and as the drilling progresses the 
tip temperature rises due to frictional resistance. After the drill has penetrated approximately 
20mm, a more representative profile was observed. A further point that should be noted is the 
direction of drilling through the fibres. Drilling into the first half of the log would mean the 
drill was cutting through the latewood of each individual ring first and this is known to be of a 
higher density than the earlywood (Phillips et aL 1962; Rudman, 1968; Bodig and Jayne, 
1993). Passing beyond the centre of the log resulted in the drill tip drilling through the 
earlywood first before reaching the latewood of each individual ring, and therefore cutting the 
less dense fibres first, thus easing the path of the drill as it broke through the final section of 
latewood. From this mechanism we might expect the peaks observed on the far side of the log 
to be lower than those on the near side. 
Seaby (1991) developed a formula for determining the gravimetric density based on the 
number of rotations required to penetrate per unit depth and the density of each sample. Since 
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the wood density was also established gravimetrically (see section 5.3.4 on page 101) density 
comparisons could be made to establish the accuracy of the drilling. The formula for 
determining density is noted in equation 5.2. 
I 
p= 
(tands/cm +13 Eqn 5.2 
10.855 
) 
where 
bandskm = 
No. of rotations/0. I mm 
14.4 
To compare the density results using equation 5.2 with the gravimetric density noted in 
section 5.3.4 on page 101, drillings were performed on the logs that had been used for the 
embedment tests. The position of the drilling was along the line of the dowel as this would 
enable correlation with the gravimetric readings. It was taken just below the section of timber 
from which the gravimetric samples had been cut, since this was the point closest to the line 
of loading. 
Figure 5.8 shows a typical result for one of the density profiles using the drill and for the 
corresponding gravimetric density profile shown adjacent to one another for each segment. 
From the profile it can be seen that the drill tends to underestimate the density for the outer 
fibres of the log and over estimates the density for the middle section of the log. It is also 
evident from the profile, for the drilled specimen, that the density on the left hand side of the 
figure (the side at which drilling commenced) is higher than that on the right hand side of the 
log. Considering the density for the whole sample, the gravimetric density gave a density of 
503 kg/m3 while the drilling gave a density of 470 kg/m3, thus under estimating the overall 
density. This was common for all the drilling densities. 
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Figure 5.8 Typical comparison of gravimetric and Sibert density profile 
Whereas the decay drill clearly has advantages for estimating density insitu, for the present 
work only the data obtained by the gravimetric method was subsequently used, since it would 
appear to be much more reliable. 
5.3.8 Density determination by X-ray CAT 
X-Ray Computer Assisted Tomography (X-ray CAT) offers a non-destructive method for de- 
termining the density of different materials. The technique has already been successfully used 
on timber (Gilboy and Foster, 1982) and subsequently it was decided to try it on the small 
roundwood samples, where the final aim would be to study the effect of the varying timber den- 
sity, on the stresses under a dowel, whilst under load. Although the equipment is highly sophis- 
ticated and expensive the potential for future investigation into timber density and joint design 
using this technique is very strong. 
The process works by placing a timber sample (20x2Ox2Omm in this case) in front of an X- 
ray source, at a set distance, where the x-rays are then passed through the timber on to a 
detector. The X-ray beam, in this instance is a conical beam, which means the X-rays fan out, 
from the source, through the timber sample. In order to generate 3-dimensional information 
the sample has to be rotated in steps through an angle of 180'. At prescribed increments 
during the rotation (201 projections for this timber sample) the intensity of the radiation, after 
it has passed through the sample, is recorded on a detector as an 'image' of the projected X- 
rays. The recordings are known as frame grabs. Due to a small variation within the X-ray 
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beam 50 samples of the image fframe grabs") are taken at each projection in order average 
out this variation. 
The data from each image at each angle of projection was used to sct-up a set (typically 
several hundred thousand) of simultaneous linear equations. These are inverted 
computationally (using a filtered back projection technique) to give the X-ray attenuation 
coefficient over each small volume of the specimen. This can be related directly to the density 
using test blocks of known materials. The whole process of taking the 201 projections and 
processing the data took approximately 30 minutes. 
Once the data has been processed it needs to be transformed into a format that can be visually 
interpreted. This was achieved using software that was written 'in-house' specifically for this 
processing work. The software made it possible to view the sample from any angle and at any 
point within the sample. Since the linear pixel dimension was 233M the density resolution 
was sub-millimetre. 
To show the potential of the technique one of the embedment test specimens (20x2Ox2Omm) 
was measured and the results from this have been formed into a movie image which can be 
viewed on the CD inserted inside the back cover of this thesis. The movie shows the pattern of 
density through the log as the depth is varied. The density of the ring structure is clearly 
visible as is the region where the timber fibres have been crushed by the dowel. Although the 
specimen used for this work is small it would in principle be possible to test whole sections of 
a log in similar way. 
This trial has shown clearly that while the X-ray CAT can be used for the non-destructive 
testing measurement of the density of small roundwood. If this was done as the measurement 
before testing, it would be like using a sledge hammer to crack a nut. The real potential of the 
technique in the context of the present work is that of measuring the changes in density under 
a dowel as a test, such as an embedment test (see Chapter 5) is performed. This would 
however require the design of a special arrangement for the X-ray CAT. 
5.3.9 Density by helium pycnometry 
Rarely in structural applications is the density of the wood fibre itself considered, but 
measurement of this parameter across the round section highlights the change in density of 
the cell wall. Measurement of the wood fibre density can be carried out in several ways and 
Wangaard (1969) comments. that helium displacement was found to be one of the best 
methods for determining the true value for the wood substance. 
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An Accupyc 1330 Pycnometer was used to measure the density of the wood substance, the 
apparatus also calculated the volume of the wood substance during the analysis. It works on 
the principle of helium displacement, where helium gas molecules fill the pores of the timber 
and only the solid material displaces the gas. Successive measurements are carried on the 
sample by filling the sample chamber and discharging into an empty chamber, and only when 
the difference between the measurements is less than two decimal places is the analysis 
complete, otherwise further cycles are performed. At each stage the sample volume and 
density were computed, once a constant result is achieved the process is complete and a 
hardcopy was then printed; the process was normally completed after 10 iterations. A 
schematic diagram of the apparatus is shown in Figure 5.9. 
Cell chamber 
Expansion chamber 
Fill valve Expansion Vent valve 
indicator valve indicator indicator AccuPyc 1330 Pyenometer 
Figure 5.9 Schematic diagram of pycnometer 
Limitations on the use of this equipment were the size of sample that could be accommodated 
in the chamber; 100cc was the maximum size of chamber available for this apparatus. As 
noted in section 5.3.4 on page 101, the samples which had been cut for the gravimetric density 
measurements were also used for this work. The samples were kept in an oven to ensure that 
they remained dry. Prior to placing the sample in the chamber it was weighed on a Mettler 
PM11 digital scale, and the readings were recorded to an accuracy of 0.01g. The pycnometer 
was then initiated once the weight had been entered via the key pad, the density was 
calculated based on this weight. Each sample generally took between 10-15 minutes to 
analyse, after which a digital print out was produced with the results for each iteration. To 
confirm the calibration of the equipment precision made chrome steel balls, of known 
volume and weight, were placed in the chamber. During the work several checks were made 
using these balls and the level of accuracy was found to be very good. 
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5.3.10 Test results for the helium pyenometry specimens 
The density of wood can vary significantly but the density of the cell-wall material is believed 
to be relatively constant with typical values being 1500 kg/M3 (Dinwoodie, 1989). The 
pycnometer density results for the small roundwood showed a much broader range, with 
densities for the Scots pine ranging between 600 to 1450 kg/M3, and 850 to 1450 kg/M3 for 
the sitka spruce. A typical profile is shown in Figure 5.10, where it is clear that the higher 
density values were found in the outer rings of the log. Although Dinwoodie (1989) does not 
state the age or species of tree he tested, the results would suggest that the density value 
quoted is based on mature timber since the results for the outer sections of the logs used in the 
present work correlate reasonably well. 
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Figure 5.10 Typical wood density fibre profile with symmetrical density profile 
It was noted in section 5.3.5 that a few of the samples exhibited asymmetrical density profiles 
using the gravimetric method, and this was attributed to abnormal growing conditions. The 
sample that was shown in Fig. 5.3, on page 105, was also examined using the pycnometric 
technique, and the density profile is illustrated in Figure 5.11. It can be seen that the two 
profiles differ, with the pycnometric method showing a symmetrical profile similar to that 
exhibited by the more typical samples (as in Figure 5.10) 
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Figure 5.11 Typical wood density fibre profile for asymmetrical gravimetric profile 
For the samples which exhibited an asymmetrical gravinictric density profile only two of the 
samples (sitka spruce) had asymmetrical pycnoinctric density profiles, the remaining 
specimens all showed symmetrical profiles. Examination of the influence from these two 
asymmetrical samples on the density profile for all the samples was found to be negligible. 
These samples were, therefore, included in the analysis to allow comparison with the 
gravimetric density profiles. The average density profiles for the small roundwood measured 
by the pycnometry method are shown in Figure 5.12. It can be seen that there is consistency 
between the samples from the point of view of the density increasing from the centre of the 
log, however, the actual values of the densities across the log, measured by the two 
techniques, vary considerably. The reason for this is because the gravimetric density uses the 
whole sample volume which comprises the wood fibre, extractives and the cell volumes, 
whilst the pycnometric density uses only the wood fibre volume, and this is obviously lower 
than the whole sample volume; the mass of the specimen is obtained from the oven dry 
weight and this is used for both densities. Consequently, the pycnometric density is higher 
than the gravimetric density, in fact by approximately a factor of three. It is also apparent 
from both pycnometric plots that the error bars (I ± SE) become smaller for the outer 
segments, which was not found in the gravimetric data. For both species it is apparent that the 
margin of error, indicated by the error bars, for the outer regions is very low in comparison to 
the middle section (see Figure 5.12), indicating that there is better agreement between the data 
in the outer region than the middle region. 
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Figure 5.4 showed the gravimetric density profile for all the Scots pine and sitka spruce 
samples, and this also included the asymmetrical specimens. The results for the 
corresponding pycnometric density results are shown in Figure 5.12. In the case of the Scots 
pine the shape of the profile is similar, although the rate of change in density, for the central 
region, is dramatically increased. For the outer regions (i. e. segments 1,2,6,7), however, the 
variation in density is lower. The gravimetric profile for the sitka spruce is notably different to 
the pycnometric plot, where the middle segment (no. 4) is the lowest density, after which the 
density increases symmetrically outwards. 
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Figure 5.12 Profile of pycnometric density for all small roundwood samples (Scots pine and 
sitka spruce) 
5.3.11 Discussion 
The aforementioned experimental methods, for the determination of densities in roundwood, 
have given different results, but each has its own role in determining the density. Typically, 
the gravimetric; density is the most common form of specifying density and this method is 
adopted in the structural codes. Density determination by non-destructive means, such as the 
decay detecting drill, is particularly useful because it can be carried out insitu and, therefore, 
avoids the need to cut the sample. The pycnometric technique clearly demonstrates the wood 
fibre density and is a useful approach by which to show the density profile of the fibre 
material. 
Gravimetric density is the normal method for determining density and would be the most 
sensible method for recognition by the timber industry, especially if the material's strength 
relationship is to be understood; density measurement using this method is also relatively 
straightforward. However, the disadvantage of determining the density profile of the sample 
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is that it has to be cut into small units, as the whole sample density is unable to indicate 
density variations. The sample shape was also important in terms of measuring the volume, 
because samples of irregular shape will not lend themselves to simple three dimensional 
measurements and they require the use of Archimedes' displacement principle to calculate the 
volume. From Figures 5.2 and 5.4 it is evident that seven segments is just sufficient to 
distinguish a density variation across the log, particularly in the central region of the sitka 
spruce. For future testing programmes it is recommended that the number of samples is 
increased to improve the accuracy of determining the density profile. 
The decay detecting drill offers a practical and quick solution to ascertaining the density of 
small diameter round timber, particularly, as it is a non-destructive technique. A reasonable 
correlation was found for the overall sample density in comparison with the whole sample 
gravimetric density, but the correlation for the smaller specimens showed a poor correlation. 
It was also discovered that the direction of drilling influenced the results. This method would 
not be suitable for accurate density determination, but it does provide a solution for quickly 
establishing the overall timber density, and would also have a usefulness for insitu 
measurements where a sample could not be taken. 
It is also worth noticing that the fibre density is the mean for the sample, it does not highlight 
the intraring density. The determination of density in timber and reduction in the variation in 
density within the annual ring and between rings in any one tree will have a profound effect 
on many timber properties (Dinwoodie, 1968a). He continues to point out that the more 
technical methods for determining these variations are significant and useful, because at the 
time they were few methods available for establishing these parameters. 
The pycnometric density measurements are determining an essentially different quantity from 
the gravimetric density measured by the techniques mentioned above. Since the test 
procedure involves filling the voids in the test samples with helium, it is only the density of 
the wood fibres themselves that is determined. It is not clear at present whether or not 
measurements of this type might be useful to the timber industry specifying a timber's 
strength properties. Although the quantity measured is different from the gravimetric density, 
it was anticipated that the gravimetric density profiles would differ between species and the 
pycnometric density profiles might provide some indication of the mechanisms between these 
variations. It was clear that if they were to be measured, the only sensible time to measure 
them was at the same time as the gravimetric density profiles were being determined. 
The pycnometric density gave a clear detail of the density profile for the wood fibre material 
and the density generally showed symmetry where it increased radially from the pith. 
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Comparing the gravimetric and pycnometric profiles for all the samples the former method 
was influenced by asymmetrical profiles (Figure 5.2), however for the latter technique there 
appeared to be negligible effect from asymmetrical shape, since the results generally showed 
a symmetrical profile (Figure 5.12). A detailed examination of the pycnometric density 
results reveals a number of very interesting features. A full discussion of these is outside the 
remit of this thesis and, in any case would require measurements on a significantly larger 
number of samples before any conclusions could be safcly drawn. 
The gravimetric results obtained are qualitatively similar to those reported by Linstr6m 
(1996a) on Norway spruce and Brazier (1966) on sitka spruce. For the former the mean 
change form pith to bark reported was approximately 18% while for the latter is was 12%. 
Although this is not a direct comparison with the work is does relate reasonably well with the 
21% obtained in the present work. The measurements on Scots pine appear to be the first in 
the field and the variation from pith to bark of 22%. 
Of the data reported above, the basic density measurements were used in relation to the 
embedment tests described later in this chapter while the density profiles measured were used 
on an individual basis in the finite element analysis of Chapter 6. 
5.4 Embedment tests 
5.4.1 Introduction 
Current code requirements for the embedment test (BS EN 383,1993) limit the thickness of 
the sample from 1.5d to 4d, however, as previously noted this would not be practical for small 
roundwood owing to the size of dowel required, if the sample is to remain whole. It was 
therefore decided to carry out a series of experiments where three different sample 
thicknesses could be tested, including a set of comparison tests using the American method 
for establishing bearing strength. Table 5.2 shows the details of the tests that were completed, 
including the species and number of samples tested. Test methods I and 2 (TM I, TM2) used 
Table 5.2 Summary of embedment tests 
YestMethod Species Sample Width No. of Tests Dowel Dia 
(7M) (M M) (M M) 
I SS' SP full width 10 16,20 
2 ss, SP full width 10 20 
3 ss, SP 80 6 20 
4 Ss, SP 40 6 20 
SP - Scots Pine (pinus sylvestris) SS - Sitka Spruce (picea sitchensis) 
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the whole sample width (i. e. the log diameter). The first test (TM I) was performed using an 
apparatus specially developed for this work with the second (TM2) being carried out in 
accordance with the American approach (ASTM D 5764 : 1997); the latter method allowed 
correlation with the first test and did not require any special apparatus. The final two methods 
(TM3, TM4) were carried out within the recommendations of the standard (BS EN 3 83,1993). 
Test method 3 had a sample width based on 4d (80mm) and method 4 had a width of 2d 
(40mm). End distances for all the samples were based on the 7d. Figure 5.13 illustrates the 
sample sizes for each of the different tests. A further requirement of the code for the 
embedment test is the calibration of the test apparatus, since this is required in order to 
determine the initial stiffness characteristic of the loading apparatus. This procedure was 
carried out for all the tests and is described in the following section. 
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TEST 
I 
2 
7d 
7c 
SAMPLE TEST PRINCIPLE 
24 mm 
-j , Full log with 
-A-4 vertical centre d+ 2nun hole to allow 
LN., 
-L 
7d insertion of Front Elevation Side Elevation 
middle rod 
d+2mm 
N, Log cut in 
half along 
centre line Front Elevation Side Elevation 
of bolt hole 
80 mm (4d) 
Sample cut from 
centre of the log 
3 
4 
20mm 
ý 7-: 
ý 
Front Elevation 
d- fastener diameter 
Front Elevation 
Log cut into 3 pieces 
Figure 5.13 Detail of sample proportions for embedment tests 
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5.4.2 Calibration of test apparatus for embedment strength 
In accordance with the British Standard EN 383 : 1993 the test apparatus was calibrated in 
order to determine its stiffness characteristic. As Rodd et aL (1987) comments, the relative 
movement between the fastener and side plates needs to be determined if true rigid behaviour 
is to be tested, since this can minimise variability in results. The calibration was carried out 
for the frame used in test methods 1,2 and 3, with 16 and 20mm dowels being tested. In each 
case the average diameter of the logs tested, for each dowel diameter, was chosen for the 
spacing of the side plates. For test method 2a 20mm steel dowel was used. The load 
deformation graph for the test method 1 is shown in Figure 5.14 where it can be seen that at 
90 kN there is a total 'take up' in the apparatus of 0.65mm. 
100 
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Displacement (mm) 
Figure 5.14 Plot of calibration test for 20mm dowel (test method 1) 
Similar curves were obtained for TM2 and TM3. In all cases the "raw" results of the load- 
displacement curves were coffected using the appropriate calibration curves. 
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5.4.3 Three point embedment test (TM1) 
5.4.3.1 Introduction 
As a fundamental parameter in the design of laterally loaded timber connections it is 
important that the embedment strength is determinable for roundwood, especially, if the 
material is to be used structurally, and as a sister material to sawn timber. It was intended, 
therefore, to measure the embedment strength of small round timber using a specially 
designed test apparatus. 
5.4.3.2 Justification of test 
As mentioned before the embedment strength of timber is a principle parameter in the design 
of laterally loaded connections. Currently, the European Standard (EN 383 : 1993) for testing 
embedment, notes a sample thickness of 1.5d to 4d should be used, in order to minimise the 
elastic deformation of the dowel (Rodd et aL, 1987). Since small roundwood has a typical 
diameter range of 100 to 150mm, and it would be anticipated that normal bolt diameters, for 
making small roundwood connections, would be either 12,16 or 20mm, the current test is not 
suited to this timber form. Subsequently it was decided to develop a test that could be used to 
determine the embedment strength, but using the principle of the European standard test. It 
was important to test the full width of the log as this would enable the embedment 
strength (fh) to be tested in its entirety. Testing sections of the log in accordance with the 
European test was not considered appropriate, as the relationship between the different 
segments, compared to the whole log, would be very diff icult to ascertain. This would also be 
unrepresentative of a fixing in use. 
To comply with the European test it was decided to limit the distance between the dowel 
loading points so that it did not exceed 4d, smaller distances would require the removal of too 
much timber. This is also the maximum recommended distance given in BS EN 383 : 1993. 
By using 4d it meant that only one additional hole would be drilled in the log, and this was 
regarded as having minimal effect on the log, since it was drilled vertically down the centre of 
the timber (see Figure 5.13). Working to these dimensions meant that testing a 12mm 
diameter dowel was not possible since this exceeded the 4d, so 16 and 20mm. were the two 
diameters tested. The dowel holes were drilled 2mm larger than the dowel diameters as these 
latter were the 'off the shelf' sizes that could be readily obtained. BS 5268 : Part 2: 1996 
explains that bolt holes should be no more than 2mm larger than the bolt diameter. The 
diameter of the centre hole was 24mm as this would allow sufficient space for inserting the 
rod without damaging the strain gauges mounted around its circumference. 
It is important to note that there should be no deflection in the dowel during the test, otherwise 
there could be a reduction in the stiffness values (Rodd et aL, 1987). To the author's 
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knowledge there has been no work carried out to determine the extent of this bending in the 
dowel and it was, therefore, decided to mount strain gauges on the top side of the dowel so 
that the strain could be monitored during the test. This would also enable a correlation to be 
made with the numerical analysis that was carried out, and detailed in Chapter 6. 
5.4.3.3 Sample preparation 
Five samples were prepared for both species with holes being drilled for l6mm. and 20mm. 
dowel diameters, making a total of twenty tests. The selection criterion was to choose 
clearwood samples with minimal cracking. In the case of the sitka spruce (picea sitchensis) 
this proved difficult because randomly spaced small knots (less than 5mm) were found 
between the main knot whorls. Samples were, therefore, chosen with the minimum possible 
number of knots. The sizes of the test pieces were in accordance with EN 3 83 : 1993 although 
it was accepted that the distance perpendicular to the line of the dowel was governed by the 
log diameter, and this distance would diminish due to the log's curved surface. 
To enable the hole for the bolt to be drilled parallel to the base of the sample a jig was made 
that allowed the log to be aligned horizontally and then clamped before drilling. This method 
proved effective, although some of the tests showed uneven loading in the initial test stages 
which is understood to be due to slight misalignment of the dowel hole. All the specimens 
were conditioned at 80% RH and 18 IC which gave an average moisture content of 16.5% and 
16.3% for the Scots pine and sitka spruce respectively. 
5.4.3.4 Test apparatus 
Based on the European method (EN 3 83 : 1993) the test apparatus comprised two 20mm thick 
side and top plates, forming an inverted U-shape frame. This thickness of plate was chosen in 
order to negate any bending in the plates. The side plates could be adjusted to accommodate 
different diameter logs, as this apparatus would also be used for test methods 3 and 4. The 
frame was bolted to the head of the testing machine. Testing was carried out on a screw 
threaded Satec Universal testing machine (Satec systems, Inc. ), with a 5OOkN capacity, and 
the test data were recorded on a Solartron data logger S1353D, and this was 'backed up' on a 
IBM compatible PC. By using a Scorpio software package the data were then directly 
transferred into a computer spreadsheet format. 
Generally, bolts and dowels have an unpolished finish with a small degree of surface 
roughness. Smith (1983) simulated this effect for a series of experimental tests, to determine 
the coefficient of friction between wood and metal, by lightly rubbing steel plates with emery 
cloth. This also removed surface dirt and oxide deposits from the plate test specimens. In the 
current work mild steel bar was purchased for the test programme and to achieve a similar 
surface condition to that found on bolts, the bars were lightly grit blasted. This also removed 
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any surface deposits. To ensure that the load was applied to the dowel simultaneously the 
centre of the dowel was drilled and threaded in order to receive the centre rod. The centre rod 
was manufactured so that its length matched exactly the equivalent loading point of the side 
plates. To prevent the dowel from moving under load the side plates were notched with a 'T 
cut to locate the dowel. This again was specially manufactured so that uneven loading was 
avoided. A detail of the apparatus is shown in Figure 5.15. 
Slots cut in top plate to allow for 
adjustment of side plate distance. 
Top plate bolted to side plates. 
(bolts omitted for clarity)_ 
LVDTs attached to 
the log to record 
displacement from 
the base of the 
frame 
'V' notch cut in side 
plates to allow centering 1 0-1 
. 
ofdowel 
Three strain gaugesz, 
placed equally around th 
centre rod 
IIý 
Log outlinL-----' 
Top block to allow 
fixing to test rig 
20mm thick top 
and side plates 
Five strain gauges 
fitted to both sides. 
Top of rod threaded 
to allow fixity into 
top plate 
Top of log drilled to 
allow for threading of 
centre rod 
Centre rod screwed 
into dowel. 
II 
II 
II 
II 
II 
/ 
0 
-- 
Strain gauges on top of 
dowel (35mm from the 
centre) 
Dowel drilled and threaded 
to receive centre rod 
Figure 5.15 Detail of apparatus for determining embedment strength of roundwood 
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To measure the displacement of the dowel extensometers, were attached to the timber, just 
below the dowel, and placed against the underside of the frame. The displacement was 
measured using two LVDTs (type: D5/300AGRA (range ± 7.5mm)). Placing the LVDTs in 
this position was considered to be the most suitable method for recording the local 
displacement. The overall displacement was measured with one LVDT positioned against the 
underside of the crosshead of the test rig. Figure 5.16 shows how the LVDTs were attached to 
the sample (Detail A) including a detail of the sample prior to the test with the dowel in place 
(Detail B). By using two LVDTs the relative displacement could be calculated. 
Detai I A. Log under test Detall B. Specimen with dowel in place 
Figure 5.16 Detail of test for determining embedment strength of roundwood 
It was important to measure the strain in the side plates and centre rod for two reasons. First, 
from the strain output the proportions of load could be established in each member and by 
summing these together they could be checked against the total test rig load. This would also 
confirm that the full load was being transferred to the timber. Secondly these loads would be 
compared with the results from the numerical analysis described in Chapter 6. Strain gauges 
were also placed on the upper side of the dowel to monitor the strain in the dowel during the 
test. Strain gauges, supplied by Showa Measuring Instruments Co., Ltd. (type NII -FA-5-120- 
11, gauge length 5mm), were used for all the testing work. 
Initially one strain gauge was placed in the middle of each face of the side plates as it was 
thought that this would give sufficient information to measure the load in the plates. 
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it was found that only part of the load was being accounted for by the strain gauges. Figure 
5.17 shows the converted load output for the two side plates, including the centre rod, and it 
can be seen that the total load estimated by the strain gauges is less than the test load. The 
reason for this difference is due to the size of the plates. Although the gauge was placed 
centrally on the plate there would have been some strain variation across the plate width 
which would not have been recorded by the single gauge. 
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40 
20 
0 
02345 
Displacement (mm) 
--0- Centre rod 
-D- Left Plate 
--6- Right plate 
--0- Total Gauge Load 
-0- Rig Test Load 
Figure 5.17 Typical load-displacement for single strain gauge on side plates 
The load was applied in accordance with EN 383 (1993) with a preload cycle of 0.4 F. "'ý. t 
being used since this would seat the sample and remove the hole tolerance due to the surface 
finish created by the drill. This preloading can be seen in Figure 5.17 at a displacement of 
0.5mm. Following these test results it was decided to increase the number of strain gauges to 
3 on each side of the plate (12 in total). At this stage, this was considered sufficient in order to 
measure the load; the gauges were placed 20mm. from the edge of the plate. It can seen from 
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Figure 5.18 Typical load-displacement for side plate with three strain gauges 
Figure 5.18 that the total load from the gauges shows a reasonable comparison to the total test 
rig load. Differences between these two loads can be attributed to strain variations occurring 
between the strain gauges, subsequently two extra strain gauges were added to each side 
which made five gauges per side (20 in total) on the plates. Figure 5.15 shows the apparatus 
with the total number of gauges. A load-displaccment plot using the five gauges is 
demonstrated in Figure 5.19, and it can be seen that there is a good correlation between the 
total gauge load and the test rig load, but for all the test results the former showed a lower 
result. 
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Figure 5.19 Typical load-displacement for side plate with 5 strain gauges 
The load-displacement plots illustrate the proportion of load being transferred to the dowel 
and it can be seen that the amount of load in the centre rod is approximately four times higher 
than the two side plates. These loading proportions show an acceptable correlation with 
support reactions for a three span continuous beam with a uniformly distributed load (Owen 
and Knowles, 1996). 
It was noted previously that the aim of the embedment test is to find the average compressive 
stress at maximum load under the action of a stiff linear fastener; it is assumed that the 
compressive stress is uniform. However, the strains were recorded for all tests associated with 
both diameters (16 and 20mm), these strain readings demonstrated that the dowel was 
subjected to bending during the test. This also implies that the stresses, set up under the 
dowel, were not constant along its length. In the case of the 16mm diameter dowel in the 
Scots pine (pinus sylvestfis) samples, the dowels yielded, causing permanent deformation in 
the dowd. 
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Figure 5.20 Typical load-strain output for 16mm dowel 
Figure 5.20 shows a typical load-strain output for one of the samples where the dowel had 
yielded, strain readings exceeding 4000liS were recorded which denoted the dowel had gone 
into a plastic state; permanent deformation was found in the dowel. Also, the graph shows 
that the dowel was not loaded evenly in the initial stages of the test, although towards the end, 
the two gauges (75 and 77) are starting to show similar increases in the rate of strain under the 
applied load. This initial uneven loading was found in several of the tests and was due to the 
bolt hole not being perfectly parallel with the base of the log. This highlights the difficulty in 
cutting the small roundwood and then drilling the holes parallel to the cut end, because the 
log's uneven surface makes it difficult to find a suitable side from which to work; this is in 
contrast to sawn timber where there is always a flat surface. 
5.4.3.5 Test Results 
Table 5.3 shows the test results for the 16 and 20mm dowel tests with the maximum load 
fV N 
k, v.,. j and log diameter (D) being presented, the embedment strength (fh) based on these two 
parameters and the bolt diameter (d) are also shown. The density is taken as the value for the 
whole sample, and the embedment strength (fh) is based on equation 5.3. 
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F. 
ax Eqn 5.3 fh = dti 
Table 5.3 Embedment tests based on three point loading 
Scotpine (pinus Sylvestris) 
Test Ref Ult. load Log dia. Density A Test Ref Ult. load Log dia Density A 
D P0.4) D P(test) 
(N) (m m) /M3) (7cg, (N1m m 2) (N) (m m) (kglM 3) (NIM M 2) 
20 mm 16 mm 
1720 77300 142 538.20 27.22 3116 84250 135 543.84 39.00 
3920 92130 141 499.0 32.67 5116 68840 124 503.65 34.70 
4520 89640 137 509.22 32.72 5716 79470 133 552.24 37.34 
7220 96550 138 545.54 34.98 6616 53950 117 477.99 28.82 
8620 101900 139 567.78 36.68 6716 59590 124 545.63 30.04 
Sitka spruce (picea sitchensis) 
Test Ref Ult. load Log dia. Density A Test Ref Ult. load Log dia. Density A 
D P(t.. t) D P(t-A) 
(N) (mm) (kglm3) (Nlmm2) (N) (m m) a-glin 3) (NIM m 2) 
20 mm ý 16mm 
10420 84630 145 437.61 29.49 12916 58570 120 410.60 30.51 
10720 81500 141 443.65 28.90 15916 84410 131 486.85 40.27 
13420 84290 146 434.44 28.87 16516 83590 133 481.01 39.28 
14720 77300 135 382.29 28. 6716 62450 112 508.56 34.85 
19020 76810 136 457.18 28.24 18616 60950 126 474.83 30.23 
Figure 5.21 shows the graph of embedment strength plotted against density for the Scots pine 
for both dowel diameters (16 and 20mm). Also shown on the graph is the embedment tension 
test data for 12 and 20mm. bolts, for sawn Scots pine samples. This data formed part of a large 
database of test results where many types of fastener, timber species and wood composite 
materials were tested at Brighton Polytechnic (Brighton University) and South Bank 
Polytechnic (South Bank University) (TRADA, 1985). Testing was carried out in accordance 
with the test apparatus noted by Rodd et aL (1987), but in this instance the width of the 
sample was 2d and the bolts had collets fitted to prevent any 'looseness' at the bolt ends. The 
specimens were loaded at the ends. The roundwood results show a reasonable correlation with 
the sawn timber sample. The sawn timber is taken from mature trees where the density 
variation is considerably less than for the small roundwood. The density profiling for these 
samples demonstrated that there is a variation across the diameter of the log. If there was a 
method to compensate for this variation it is possible that the correlation between the sawn 
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timber and roundwood might be even better. However, establishing experimentally the effect 
that the density variation of the small roundwood has on the embedment strength of the log is 
impracticable, without cutting the log, and for this reason numerical analysis was used to 
investigate this effect. This work is discussed in Chapter 6. 
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Figure 5.21 Embedment test results for Scots pine comparing whole roundwood and sawn 
samples 
The results for the embedment tests on the sitka spruce are shown in Figure 5.22, and the 
sawn timber test results (TRADN 1985) for 12,16 and 20mm bolts, tested parallel to the 
grain, are also shown. Similarly for the sitka spruce there is a reasonable correlation between 
the sawn timber and the roundwood, but the impact of the density difference and how it 
affects the embedment strength is difficult to quantify. 
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Figure 5.22 Embedment test results for sitka spruce comparing whole roundwood and sawn 
samples 
5.4.4 American approach (TM2) 
5.4.4.1 Introduction 
For a comparison of test methods, embedment tests were performed on full width samples 
using the American test which is described in ASTM D 5764 (1997). This approach means 
that the platen from the loading machine bears directly on the dowel so there is uniform 
loading along its length, and subsequently bending in the dowel is avoided. However, to 
achieve this the sample has to be cut in half along the line of the dowel as detailed in Figure 
5.13, thus resulting in a loss of fibre continuity around the dowel. 
5.4.4.2 Sample preparation 
Ten samples were tested (5 Scots pine and 5 sitka spruce) and a dowel diameter of 20mm was 
chosen. The dowel was also lightly grit blasted to represent the surface roughness of a bolt. 
Clearwood samples were chosen except for the sitka spruce where small knots were present 
Oess than 5mm) in the timber. These specimens were conditioned to 80% RH and 18 'C 
giving an average moisture content of 16.5% and 16.3% for the Scots pine and sitka spruce 
respectively. A sample end distance of 7d was used to maintain consistency with the other 
tests. Drilling was carried out by using a 22mm auger drill as this was consistent with the drill 
diameter used for the samples in method 1. To make sure the drill hole remained parallel with 
the base of the log, a frame was made that was fixed to a pillar drill and, in addition clamped 
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to the log to secure it. Once the log had been drilled it was cut along the centre line of the hole 
using a bandsaw. A finished specimen is shown in Figure 5.13. 
5.4.4.3 Test apparatus 
The samples were loaded using a screw threaded Satec Universal testing machine (Satec 
systems, Inc. ), with a 500kN capacity. The American method requires the samples to be 
loaded directly to failure, without any preloading as noted in the European method (BS EN 
383,1993). However, to keep the procedures similar, the European method of loading was 
adopted. In monitoring displacement, measurement of the cross head travel is the only 
reading required by the standard, however, it was also decided to monitor both ends of the 
dowel. All the displacements were measured using LVDTs (type: D5/300AGRA (range ± 
7.5mm)). A schematic detail of the test apparatus is shown in Figure 5.23. The test was 
completed within the time required by the standard (300 ± 120s) with either the maximum 
load or a displacement of 5mm being reached. 
Load 
LVDT to measure 
platen displacement Dowel 
Loading platen ; 4, -**(shown dashed) 
---------- 
/-ýr 
Perspex plates glued to 
underside of dowel ends 
to provide flat surface for 
LVDT 
Log 
LVDT's located at 
dowel ends 
Figure 5.23 Schematic detail of American method 
It was found that with all the samples tested in this manner, a split developed directly below 
the line of the dowel (following the test, the sample was cut to allow the density and moisture 
content to be measured). However, difficulty was experience in cutting a whole disk sample 
and consequently, the samples were cut adjacent to the line of the split which was considered 
to be representative of the density across the log. A whole sample was also cut from the log to 
enable the overall density and moisture content to be established. 
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5.4.4.4 Test results 
As mentioned previously the failure mode of the log was via a split along the line of the 
dowel; however, this was not typical for the other test methods. The reason for this failure 
mode can be linked to the lack of wood fibre material around the dowel hole, as the specimen 
was cut in half, parallel to the line of the dowel. Therefore the upper fibres were no longer 
present to contribute to the bearing resistance of the timber. It is clear from this test that the 
dowel was uniformly loaded. This results in the timber reaching the embedment strength 
across the whole specimen. From a comparative study between this test and the European 
one, Pope and Hilson (1995) point out that the latter method may not cause the full plastic 
capacity of the wood to develop under the dowel, due to the bending of the dowel. However, 
they consider that the effect of this is small. 
The results for both species are shown in Table 5.4. Comparing these results with the data 
from test method I produces a good correlation for the Scots pine (Figure 5.24) but the sitka 
spruce shows a poor correlation (Figure 5.25). Although the results enable a correlation 
between the two methods to be established, it is not possible to appreciate the effect that the 
density variation has on the embedment strength. Pope and Hilson (1995) compared the two 
methods for sawn timber and found only a small increase in the embedment strength values 
for the American method. 
Table 5.4 American cmbedment test results 
Scotpine (pinus Sylvestris) Sitka spruce (picea sitchensis) 
Test Ref Ult. load Log dia. Density fh Test Ref Ult. load Log dia. Density fh 
D Ned) D Ned) 
(N) (m M) /M3) (kg, M2) (Nlm 
1 
(N) (M M) (kýglM 3) (NIM M 2) 
20 mm 20 mm 
20 78420 112 557 35.01 101 89490 125 511 35.80 
29 87710 117 631 37.48 103 78930 120 469 32.89 
49 78380 121 492 32.39 135 70670 120 419 29.45 
68 67200 113 470 29.73 161 75930 112 519 33.90 
91 78140 127 495 30.76 188 70990 120 433 29.58 
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Figure 5.24 Comparison of embedment test results for Scots pine with 20mm dowel 
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Figure 5.25 Comparison of embedment test results for sitk-a spruce with 20mm dowel 
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5.4.5 European tests (TM3, TM4) 
5.4.5.1 Introduction 
The test for embedment strength assumes that during the test the fastener is a stiff linear 
member with neglible bending developing in the fastener, thus resulting in a uniform stress 
beneath the dowel. To investigate the extent of the bending in a 20mm dowel, tests were 
performed on timber samples cut from small roundwood with widths of 2d and 4d. To 
examine the influence of bending, strain gauges were placed on the dowel. 
5.4.5.2 Material preparation 
Clearwood Scots pine and sitka spruce samples were selected for the test, but again small 
knots were found in the sitka spruce. The samples were kept in a controlled environment of 
80% RH and 18 IC and the average moisture contents were 16.2% and 16.0% for the Scots 
pine and sitka spruce respectively. Cutting the samples required the use of the apparatus 
shown in Figure 3.13, the samples were cut to the dimensions shown in Figure 5.13. The 4d 
samples were cut from the middle of the log as this would give symmetry about the pith, in 
terms of the density profile, while the 2d samples were cut from one log. Logs were chosen so 
that three samples could be cut from one log; for this test it was intended that the density 
difference could also be measured. Holes were drilled using a 22mm auger drill bit, and for 
the sitka spruce samples, the holes were drilled in clearwood away from the small knots. 
5.4.5.3 Test apparatus 
The same apparatus, as shown in Figure 5.15, was used for these tests, except in this instance 
the centre rod was not required. Slots in the top plate allowed adjustment of the side plates to 
accommodate the different sample widths, and these were secured by tightening the bolts on 
top of the side plates. It was noted in section 5.4.3.4 on page 123 that each side plate was 
fitted with five strain gauges to measure the strain in the plates, these gauges were also used 
during these tests. This meant that there had to be sufficient space between the sample and 
side plate so that the gauges were not fouled by the sample during loading. A gap of 4mm was 
found to be the minimum that could be tolerated. 
As the samples were drilled 2mm larger than the dowel diameter, there was enough space to 
place the dowel into the sample with the strain gauge mounted on top of the dowel, without 
damaging the gauges. A smaller diameter hole drilled into the timber was considered to be too 
small and would damage the gauges. In the 2d test only one gauge was mounted on the dowel, 
while in the 4d, test three equally spaced gauges, were mounted on it. To ensure the single 
dowel was located in the centre of the log, score marks were made on the top surface of the 
dowel that corresponded to the side plate spacing. Strain gauges supplied by Showa 
Measuring Instruments Co., Ltd. (type NII-FA-5-120-11, gauge length 5mm) were used for 
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all the dowel testing. The samples were loaded in accordance with the procedure given in 
BS EN 383,1993. 
5.4.5.4 Test results 
Strain readings for all of the 2d tests clearly showed the dowel was bending under load with 
typical maximum strain readings of 2300gS being recorded, and in all cases the dowel 
remained in an elastic state. Dowel strain readings, for loading and unloading of the samples, 
are illustrated for Test 3 in Figure 5.27 where it can be seen that a maximum reading of 2300 
pS was recorded, this clearly demonstrates that the dowel is bending during the test. These 
results indicate that the bearing stress under the dowel is not uniform, consequently not all of 
the timber can reach a plastic state at the same time. By loading the sample to failure, the 
outer edges of the timber will reach a plastic state first, this will then work progressively 
towards the centre of the log. A further consideration with this failure mechanism is the 
relationship of the density profile of the timber. To determine this, samples were cut from the 
test specimen, directly below the dowel, and these were then cut again to make two samples, 
as shown in Figure 5.1. For both tests, the samples showed distinct density variations across 
the loaded width of the log; Figure 5.26 shows a typical density profile. The test results show 
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Figure 5.26 Typical density profile for 2d samples taken from a single specimen 
the embedment strength (fh) relationship to density with the higher values being recorded for 
the outer parts of the log (Tests I and 3). 
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Figure 5.27 Microstrain reading for dowel during 2d test 
For the 4d tests, the dowel strain readings exceeded the linear capacity of the dowel and in all 
cases the dowel yielded. Here the data shows that there is considerable bending in the dowel, 
and by the nature of the loading, the outer edges of the log will be subjected to higher bearing 
stresses at the start of the test until plastic failure of this timber is reached. After this point the 
inner section of the timber will become loaded until its yield state is attained. It would be 
expected that over this longer length the dowel would have a higher degree of bending than in 
the 2d test, but for these latter tests the dowel yielded. This required a new dowel for each test, 
whereas for the 2d test the same dowel was used. The strain results for one of the 4d tests are 
given in Figure 5.28. Figure 5.29 demonstrates a typical density profile for one of the 4d tests 
with the characteristic form of the outer segments displaying a higher density than the inner 
section of the log. This would have a similar influence on the behaviour of the log as was 
discussed for the 2d tests earlier in this section 
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5.4.5.5 Discussion of results for tests TM3 and TM4 
The test results, for both the 2d and 4d tests, exhibited high strain readings indicating that the 
dowel was under load signifying an uneven bearing stress across the log. Knowing that the 
roundwood exhibits a density variation across the log it would be expected that the bearing 
resistance will be higher for the outer portion of the timber owing to the higher density in this 
region. 
For the 2d tests, the three samples, taken from across the log section, demonstrated a higher 
embedment strength with the higher densityý as shown in Figure 5.26. Previous research 
(Whale et aL, 1989) established the significance of density with regard to embedment 
strength for sawn timber and this is confirmed here in the 2d tests on the roundwood where 
the tests have been performed on samples cut from one log. However, because each sample 
was tested individually it was difficult to ascertain the combined effect of the density 
variation that would be found in one sample. 
The 4d test also showed high strain readings in the dowel but with the dowel yielding during 
the tests. Density measurements across the log again showed the typical dished profile with a 
higher density located towards the outer parts of the log. By loading the dowel in this manner, 
and with the subsequent bending that was introduced into the dowel, the outer fibres of the 
timber would be subjected to a higher bearing stress than the inner material. Once the outer 
fibres had failed plastically the inner timber would start to come under a higher bearing stress 
from the dowel and would be providing the bearing resistance. However due to its lower 
density the bearing resistance of the inner timber would be reduced, and it would 
subsequently fail at a lower load. 
In fact the limitation on the value of the 2d and 4d tests introduced by the dowel bending may, 
for small roundwood, be investigated to a greater or lesser extent by the variations in 
embedment strength across the log indicated by the varying density. The higher strength in the 
outer regions of the log occurs where the bending of the dowel causes increased stress. Thus it 
is probable that the tests performed, even with the bending of the dowel produce an 
embedment strength which is near or an 'average' value for the log, and which may be 
appropriate for use in design work. However, the effect of density variation under the dowel is 
difficult to quantify from the experimental data available, and therefore a numerical analysis 
using a finite element approach was carried out which is detailed in Chapter 6. It is clear from 
both 2d and 4d tests that the dowel is bending under the applied load resulting in an uneven 
bearing stress with the outer fibres being subjected to a higher load due to the nature of the 
test. This contravenes a fundamental assumption of the test method - that the dowel is 
perfectly rigid. 
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5.5 Other parameters needed for Finite Element 
Analysis 
5.5.1 Dowel tensile test 
Two of the material properties required for the numerical analysis (Chapter 6) are the yield 
strength and modulus of elasticity of the dowel. It was decided to test only one sample since 
the test results showed a good correlation with published data (Owen and Knowles, 1996) 
and, therefore, it was considered only one test would be necessary. To establish these 
parameters a 450mm long section of the 20mm dowel material was tested in accordance with 
the British Standard BS EN 10 002-1 (1990). This test length was chosen to enable fixity of 
the extensometry and provide adequate length for gripping the sample. A bar length of 
200mm. was available between the grips; the standard requires a minimum length of II Omm. 
The sample was tested in a Satec Universal testing machine (Satec systems, Inc. ), with a 
500kN capacity, and serrated 'T shaped wedges were used to grip the bar. To measure the 
strain in the bar three strain gauges were placed at equidistant centres around the dowel, this 
would then enable the strain to be computed, based on the average of the three gauges, Strain 
gauges supplied by Showa Measuring Instruments Co., Ltd. (type NII -FA-5-120-1 1, gauge 
length 5mm) were used for the test. In addition to the strain gauges a clip-on extensometer 
was mounted on the bar. The extensometer was removed from the dowel after an elongation 
of 0.3min was recorded to avoid damaging the apparatus. It was not possible to establish the 
position of failure before the test but it was decided to mount the gauges in the centre of the 
bar, and the extensometer 20min above the gauges. A good correlation was found between the 
strain gauges and the extensometer. 
The standard (BS EN 10 002-1 : 1990) suggests bars are machined with transition radii in 
order to facilitate the gripping ends; this will also predict the zone of failure due to the smaller 
diameter. For the current test it was decided to load the bar without machining the ccntre 
section to a smaller diameter, thus enabling the full section to be tested. The test rig was also 
capable of gripping this diameter bar. The test data were recorded on a Solartron data logger 
S1353D and backed up on an IBM PC compatible computer. By using a Scorpio software 
package the data were converted into a spreadsheet format. 
A minimum rate of stressing of 6 N/mmýO and a maximum of 30 N/mm2. s'l are prescribed in 
the standard and the rod was tested within these limits. The sample demonstrated a 
characteristic cup and saucer mode of failure. Measurement of the cross sectional area at the 
point of failure was achieved using digital calipers: two readings of the diameter at right 
angles to each other were taken. The area was then calculated based on the average of the 
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diameter readings. The accuracy of the digital calipers was checked against calibrated slip 
gauges. Table 5.5 summarises the results established from the tests. 
Table 5.5 Summary of tensile properties for 20mm dowel 
Property Result 
Proof Strength(o. 2) 445 N/MM2 
Yield Strength 530 N/MM2 
Modulus of Elasticity 211 kN/mm2 
Determination of the modulus of elasticity was calculated from the linear portion of the stress 
strain graph which is shown in Figure 5.30 
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Figure 5.30 Stress strain relationship for 20mrn diameter dowel 
5.5.2 Determination of limit of proportionality 
5.5.2.1 Introduction 
A further parameter needed for the numerical analysis was the limit of proportionality for 
roundwood, in compression, parallel to the grain, with reference to the density. As previously 
explained, the density variation of the timber will influence the embedment strength of the 
timber, yet to understand the cffect of this a numerical analysis needed to be carried out This 
is described in Chapter 6. The limit of proportionality is the point at which the timber is 
considered to have undergone a permanent deformation and started to reach a plastic state. It 
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was therefore decided to carry out a programme of testing for the two roundwood species, 
Scots pine and sitka spruce, because published data generally specifies the proportional limit 
for one density only, but for the numerical analysis a relationship was required for a range of 
densities due to the density variation within the roundwood. The results from the data would 
then allow a regression analysis to be carried out in order to determine an expression for the 
proportional limit stress based on density. 
5.5.2.2 Material preparation 
Clearwood samples were chosen from the two species, however, in some of the sitka spruce 
pieces, small knots (less than 5mm. ) were present which could not be avoided since this was 
characteristic for this species. Fourteen samples of each species (28 total) were cut to 40mm 
square by 240mm. long, but to establish a range of densities the samples were cut from 
different areas of the log. If it was possible a second sample was also cut from the same log. 
These sample dimensions were chosen in order to allow the extensometry to be fixed to the 
timber. Owing to the round surface of the logs, they initially had to be cut using the apparatus 
shown in Figure 3.12, since this would securely hold the log whilst it was being cut. Once the 
wood had been cutý to provide a flat edge, the final cutting was carried out on a table saw; any 
loose splinters were removed by rubbing the specimens against glass paper. The ends of the 
samples were checked using a carpenter's square and any samples found to be out of square 
were trimmed on the table saw. Gauge lengths were also marked on the timber at this stage. 
Following the sawing, the samples were returned to a controlled environment of 80% relative 
humidity (RH) and 18'C. 
5.5.2.3 Test procedure 
Testing was carried out in accordance with EN 408 : 1995 and to measure the deformation of 
the test, two extensometers, placed on opposite faces, were used. The samples were tested in a 
screw threaded Satec Universal testing machine (Satec systems, Inc. ), with a 500kN capacity. 
Deformation was recorded using two LVDTs (type: D5/300AGRA (range ± 7.5mm)) which 
were fitted on to frames that were clamped to the timber. The frames had been manufactured 
with two knife points which had a dual purpose of centreing the frame on the gauge line, and 
gripping the timber to prevent the frames from slipping during the test. Clamping the frames 
was achieved using threaded rods, this also facilitated quick mounting and dismounting of the 
frames on to the timber. The LVDT's were calibrated using high precision slip gauges. 
The data were recorded on a Solartron data logger S1353D and backed up on an IBM PC 
compatible computer. A Scorpio software package was used to convert the data into a 
spreadsheet fonnat. Load was applied at a constant rate and the rate of cross head movement 
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did not exceed 0.000051 mm/s. As a check on the rate of dcfonnation the displacement of the 
cross head was also monitored using a LVDT during each test. 
After each test the deformation frame was removed from the specimen and a 20mm thick 
section of the timber was cut adjacent to the point of failure. Immediately after cutting the 
sample it was weighed on a Mettler PM11 digital scale, to an accuracy of 0.01g. Any loose 
splinters were removed from the sample prior to weighing. The sample was then marked and 
placed in an oven for 24 hours at a temperature of 103 T :L2T, the sample was then 
reweighed and placed back in the oven for a further 6 hours, after which the sample was 
weighed again. Providing the difference between these last two readings was not greater than 
0.5% the sample was considered to be at zero moisture content. Digital calipers were used to 
determine the volume of the sample, and two readings were taken for each dimension with the 
volume being calculated from the average of these two readings. The density was then 
determined using equation 3.2. A detail of the test arrangement is shown in Figure 5.3 1. 
Load 
Frames fitted to both 
sides of the sample 
I, 
40 x 40 x 240min sample 
Knife edge disks to grip 
timber 
Gauge length 
Threaded bars to allow L easy clamping of frame 
to sample, (nuts omitted 
for clarity). 
LVDT's fitted to both 
sides of the specimen 
Clamping screw to 
allow adjustment 
of LVDT 
Gauge lines marked on sample 
Figure 5.31 Detail of test apparatus for measuring proportional limit stress 
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5.5.2.4 Test results 
Both species showed the typical mode of failure with the diagonal shearing of the fibres 
across the specimen. Exceptions to this were where two of the sitka spruce samples exhibited 
"brooming" or rolling of the fibres just below the loading platen, which is characterised by an 
elevated moisture content or improperly cut end surfaces (Bodig and Jayne, 1993). These 
results were rejected due to this "brooming" of the sample ends, and therefore new samples 
were prepared and tested. In several cases the sitka spruce failed at the small knots which was 
highlighted by the fibres buckling around the knot. Since these knots were emblematic of this 
sample the failure was accepted as being representative of this timber. 
Desch (1996) notes that the limit of proportionality for longitudinal failure varies with the 
mode of stress application, and in the case of longitudinal compression the limit can vary 
between 30-50% of the failure stress. On a much smaller scale, slip planes and small 
compression creases can develop at stress levels as low as 25% of the failure load, 
representing the first stages leading to compression failure (Dinwoodie, 1968b; Dinwoodie 
1978). As Dinwoodie (1968b) points out these early dislocations contribute significantly to 
the plastic deformation of the wood compressed parallel to the grain. 
Determination of the limit of proportionality was achieved by producing the load 
displacement graphs for all the tests and then interpolating the yield point as the point where 
graphs started to depart from the point of linearity. This work was carried out manually once 
the graphs had been produced. The fibre stress at proportional limit was then calculated using 
cquation 5.4. 
Pl 
Eqn 5.4 
The two LVDT; s readings, during the test, allowed the average displacement to be determined, 
since some of the samples demonstrated different displacements. However, the difference in 
displacement was due to the early 'seating' of the specimen which, initially, caused the 
LVDTs to start recording the displacement at different rates, after which the graphs for the 
two transducers showed similar rates of displacement. Figure 5.32 shows a typical load 
displacement plot for one of the specimens, with the average displacement also being 
illustrated. For all the tests a deviation was found in the general trend of the data at the 5kN 
load which is due to the loading equipment. This occurs because the machine is screw driven 
and the weight of the loading head (5kN) is transferred across the threads during the initial 
stages of loading, and therefore is evident in the data plots, but this is not detrimental to the 
results. 
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Figure 5.32 Detail of load v displacement graph to determine limit of proportionality 
The Scots pine results are shown in Figure 5.33. They exhibited a good correlation when the 
data for the limit of proportionality and density were plotted. A linear regression was found to 
give the best association for this species, with a correlation of R2 = 0.771 being established 
which represents a high degree of relationship between these two variables. It can also be seen 
from the plot that there is good clustering along the regression line. 
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Figure 5.33 Determination of limit of proportionality in relation to density for Scots pine 
The relationship for the sitka spruce (Figure 5.34) was not as strong as for the Scots pine with 
R2 = 0.3 0, and a power law giving the best representation for the data. This is apparent from 
the spread of the data. Explanations for this spread of results can be partly attributed to the 
small knots present in the timber, as several of the failures occurred at these points. However, 
it was not possible to have the samples completely free of knots and, therefore, the data were 
accepted as being representative of this batch of sitka spruce. 
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Figure 5.34 Determination of limit of proportionality in relation to density for sitka spruce 
5.5.2.5 Discussion of results for limit of proportionality tests 
Regression equations have been established for both species, with the Scots pine showing a 
good correlation for the two variables. Classic diagonal shear failures were demonstrated in 
the samples. The size of sample was chosen for practicality in order to attach the 
extensometry to the timber, but it was appreciated that there would have been a density 
variation across the 40mm. sample. However, the analysis is based on the average density and 
within the range of densities tested the equations which have been generated are considered 
acceptable. The sitka spruce has shown a lower correlation than the Scots Pine and this is 
clear from the scatter of the results. As previously noted, this variation is partly attributed to 
the presence of the small knots in some of the samples, where the failure occurred in these 
specimens. The remaining specimens showed a diagonal shear failure. 
The USDA: Wood Handbook (1987) proposes an equation for determining the fibre stress at 
the proportional limit as a function of specific gravity. Two equations are provided for 
softwood and hardwood at 12% m/c. Comparing the data with the equation for softwood, the 
Wood Handbook (1987) equation over estimates the results by 33.8% and 33.7% for the Scots 
pine and sitka spruce respectively. No explanation is given as to the species used in order to 
generate the formula. 
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5.6 Observations 
One of the most important properties of timber related to its strength is the density, and it has 
been shown that for the Scots pine and sitka spruce, the density across the log's diameter can 
vary by as much as 32%. However, traditionally density measurements would only consider 
an average sample density, and typically this would be the whole sample density. Using an 
average density would not take advantage of the density profile for certain roundwood 
connections, where a higher bearing strength would be found in the timber Density 
measurements have shown that the typical density profile for roundwood is a dished profile 
with the higher density being found in the outer section of the log. 
Traditionally gravimetric density is used to express the density of timber for structural 
applications yet test results have shown that pycnometry gives a clearer representation of the 
timber fibre density. Limitations to this method are the size of sample that can be 
accommodated, and specifying density in this form might be misinterpreted by the fimber 
industry. Examination of the pycnometric data revealed a number of very interesting features, 
however, a full discussion is outside the remit of this thesis. This would also require a 
significantly larger number of samples to be tested. Typical applications for forest thinnings 
would be in rural and woodland areas where the timber would be situated in a natural habitat, 
but to determine the density would involve taking samples followed by laboratory tests, thus 
destroying the timber. The decay detection drill offers a practical and simple solution to 
determine the approximate timber density, it is also non-destructivc and portable making it 
suitable for insitu testing. Density measurements determined by the decay detection drill 
should, however, be treated with caution, and the results should be considered as being 
indicative of the timber's density. 
The current test for determining embedment strength (BS EN 383 : 1993) restricts the 
specimen width to between 1.5d and 4d which prevents small roundwood being tested, if bolt 
diameters (d) of 16 and 20mm are to be used. A series of tests was performed where a centre 
rod was used to load the middle of the dowel, this limited the distance between the loading 
points to below 4d. The results from these tests show reasonable correlation with the data for 
sawn timber, however, to compare these test results using the formulae given in the design 
code (EC5,1994) would result in only one density being used. To investigate the effect of the 
density difference a numerical analysis was carried out and is discussed in Chapter 6. 
It is also intended to avoid any bending in the dowel during the embedment test by restricting 
the sample width to between 1.5d and 4d. However it was found during all the tests, with the 
exception of the American method, that strain readings recorded in the dowel indicated the 
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dowel was bending under load. This shows that the bearing stress under the dowel is not 
uniform and, therefore, the test is not achieving what it was designed to do, namely, applying 
a uniform stress across the tested sample. 
The American method loads the samples uniformly and potentially an infinite width of 
sample can be tested, making it suitable for roundwood, but to accomplish this the sample has 
to be cut resulting in loss of wood fibre continuity around the dowel. All the samples from 
these tests exhibited splitting below the dowel which was not characteristic with the other test 
methods. The test results show a satisfactory correlation with the results from the tests for the 
whole sample, although again the effect of the density variation cannot be realised. 
The implications of the density variafion on the embedment strength are difficult to determine 
from the experimental data owing to limitations on bearing width that can be used without 
bending the dowel. Test results for the 2d test show the relationship between the density and 
embedment strength but this required the log to be cut. Therefore to examine the implications 
of the density variation a numerical analysis has been carried out for test methods I to 3 
(TM I, TM2 and TM3), and this is discussed in Chapter 6. 
5.6 Ohservations ]so 
Chapter 6 
Investigation of embedment strength by 
finite element analysis 
6.1 Introduction 
The work presented in this chapter describes the investigation that was carried out specifically 
to predict the bearing stresses under a fastener due to the small roundwood's varying density 
profile which was identified in section 5.2.2 on page 96. The technique known as Finite 
Element Analysis (FEA) was used. To enable the technique to be applied a number of 
geometric and material considerations had to be addressed in order to model the experimental 
procedures accurately, these comprised modelling: 
the friction coefficient between the fastener and the timber 
the density of the timber 
the engineering elastic parameters of the timber based on Hooke's law 
the material non-linearity 
The interpretation of the stresses had then to be carefully performed. Three models were 
developed with the facility to vary the density across the log in order to correspond with the 
density profiles established in Chapter 5, it was also possible to input the whole sample 
density if desired. The FEA technique allowed the bearing stresses across the log to be 
examined in detail for the different densities; this is difficult to achieve experimentally. 
Results of the load-displacement data and strain readings from the numerical analyses were 
compared with those for the experimental techniques . 
The objective of this study was to investigate the implications of the density profile on the 
bearing stresses, whilst under load from a fastener, since current connection design only 
considers one timber density, but as explained in Chapter 5, it appears that the density 
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variation can be as high as 35% in a specimen of small roundwood. -The models were 
developed to give information of the bearing stresses across the log as a result of density 
variation within this programme. It was not intended to produce models that would also 
represent the complete failure mechanism of the log. For the analysis the various components 
were represented by different element configurations, and the material properties (E, G, v) 
obtained from the experiments were also utilised as data in the model. The numerical model 
results (viz. density variation across the cross section) were then compared with the 
experimental tests. It was considered impractical to obtain the variation of density in the log 
experimentally without cutting the log into smaller units and testing these individually; this 
would have introduced a different problem to the current one. 
6.2 Elements of finite element analysis 
A paper by the mathematician Courant (1943) gave rise to the birth of finite element analysis 
(FEA). Since then it has become a sophisticated tool for solving engineering problems, and 
has been used successfully for analysing various timber problems that would be difficult to 
investigate by any other method. For this reason FEA was chosen to examine the variation of 
embedment strength across the log due to the load from a dowel type fastener. Initially the 
accuracy of the FEA was verified against the experimental data and when the verification was 
deemed to be satisfactory the FEA was then used as the tool to undertake the parameter 
studies. 
The following paragraphs will provide only a brief summary of the basic principles of finite 
element analysis, and the remaining sections of the chapter will describe the discretisation 
procedure for the different models, including the use of contact pairs. This will be followed by 
the results from the analysis and a comparison of these with the experimental data. 
The FEA method involves discretising a structure into elements, which are connected at node 
points. From this discretisation a set of simultaneous equilibrium equations can be produced 
and in stress analysis these equations are equilibrium equations of the nodes, and depending 
on the scale and complexity of the model, there may be several hundred or even several 
thousand such equations, indicating that computer implementation is necessary. 
The global equations generally take the form 
[k](U) = {F) Eqn 6.1 
where [k] is the stiffness matrix, ( U) is the vector of unknown nodal displacements and 
(F) the vector of applied nodal forces. The boundary conditions of the problem are then 
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incorporated into the global equations and the relationship given in equation 6.1 is inverted to 
solve for ( U) . After solving 
for the unknown nodal values, it is possible to use the 
displacements to find the strains and then the elemental stresses. 
Cook (1994) describes the power of FEA to be its versatility, in that the structure analysed 
may have an arbitrary shape, arbitrary supports and arbitrary loads, but such generality does 
not exist in classical analytical methods. 
In view of the complex matrix manipulations, numerical integration and equation solving 
required, commercial software has now been produced to manage these automatically. Two 
processes more familiar to the user are preprocessing and postprocessing. Preprocessing is 
used to describe the loads, supports, material properties and to generate the mesh; to build the 
models described in this chapter the preprocessor MSC'/Patran, Version 6, was used, The 
analysis was performed using ABAQUS (1998) which also has a postprocessor. This allows 
the user to sort the output listing, plotting of the results and produce colour plots for various 
properties. 
Equilibrium analysis, in which a body under equilibrium conditions is analysed and its 
distortion predicted, is the most common use of the FE method. It is rare to represent the 
unknown displacement field precisely, consequently, the results will invariably approximate 
the true solution. The amount of error obtained depends primarily on the representation 
chosen to resemble the continuous behaviour of the actual structure and the size of the 
elements employed. It is possible to improve the accuracy of the model in two ways, these are 
by (a) increasing the mesh density (b) by using higher order interpolation functions to 
improve the accuracy of the elements themselves. As the number and complexity of the 
elements increases, so the approximation should improve and eventually converge to the true 
solution. However, this increase in element configuration can significantly increase the 
computer time taken to analyse the structure. 
Two or three dimensional problems can be analysed using FEA. Various element types are 
available, typically triangular or quadratic elements. When curved elements are used, it is 
necessary to describe the geometry of the chosen element with a polynomial. If the geometric 
interpolation function and the displacement interpolation function are of the same order, the 
element is known as isoparametric. The two functions then prove to be similar to each other 
which simplifies the application significantly. Using quadratic elements with mid-side nodes 
enables curved boundaries to be modelled. These mid-nodes improve the geometric accuracy 
of the model and lead to a significant increase in the complexity of the model. The FE method 
1. Mae Neal-Schwcndler Corporation 
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provides a powerful and a general numerical tool for studying the behaviour of timber and 
timber connections. 
6.3 Modelling timber 
6.3.1 Introduction 
Finite element analysis has been applied to numerous engineering problems, including timber, 
and publications have been written (Guan, 1996; Patton-Mallory et aL, 1997b). However, the 
number of publications is relatively small compared with other engineering materials, with 
the focus being specific to a timber engineering problem. It is not the aim of this section to 
reproduce the content of the these investigations but rather to describe some of the problems 
in modelling the embedment strength of the timber, and how these problems were addressed 
in this present study. As previously mentioned, the preprocessor MSC Patran, version 6, was 
used to construct all the models, and the processing was performed with a proprietary analysis 
package called ABAQUS (1998). The post processor in ABAQUS was used for sorting the 
data output and for producing visual plots of the specimens. 
The important aspects were to model the timber as accurately as possible using suitable 
elements, this process also included discretisation of the model. Representing the different 
densities across the model was very important and a relationship had to be established 
between density and the different input parameters needed for the analysis. To simulate the 
contact between the fastener and the timber was also salient in the construction of the model, 
and to achieve this a process known as contact pairs was used. These points formed the key 
issues that had to be overcome in order to perform the analysis and they will, therefore, be 
discussed in the following sections. The chapter will then continue by comparing the results 
from the numerical analysis and the experimental tests for the three different tests performed. 
The three tests, as described previously in Chapter 5, are as follows: 
- Three point loading -test method I (TMI) 
e American test method - test method 2 (TM2) 
* 80mm, wide sample (4d) - test method 3 (TM3) 
6.3.2 Construction of timber models 
Advances in finite element packages have meant that engineering problems can readily be 
represented in three dimensions (M). Although the 3D model requires more processing time, 
they give a better representation of the analysis. 
63 Modelling timber 154 
Trial analyses for the different mesh configurations were first carried out in order to find a 
suitable mesh that would give an accurate simulation of the experimental test. With FEA it is 
important to develop a representative model where the mesh suitably characterises the 
experimental tests. Optimisation of the model configuration to find the most efficient mesh 
would require a substantial amount of development work and, therefore, an adequate amount 
of configuration was undertaken to produce a sufficiently accurate working model. For 
example, Zheinoddini et aL (1998) found that for the indentation of steel tubes a course mesh, 
compared with a fine mesh, resulted in a stiffer load-displacement behaviour. However, the 
models used for the analyses were accepted as being adequate for the application considered. 
6.3.3 Preliminary model 
Initially a basic model was developed where a rectangular block was constructed which 
comprised 16 elements (4 in plan and 4 deep). Applying the load to the block was carried out 
by placing a pressure load to the top surface, where the object of this exercise was to check 
that the pressure applied to the surface of the block was suitably represented in the output 
stresses from the analysis. It was also possible to determine the total load applied by 
determining the summation of the reaction forces at the base. 
The next step was to build a model with a circular cross section and a semi-circular slot 
running across the top surface in order to represent the hole drilled through the timber. For 
this model a combination of isoparametric first order solid hexahedral elements were used. In 
this situation, where stress is one of the output parameters required from the analysis, it is 
recommended that hexahedral 'brick' elements are used, as opposed to tetrahedral elements 
(ABAQUS : 1998). For the stress analysis problems ABAQUS (1998) recommends that first 
order tetrahedral elements should be avoided as the elements are overly stiff and exhibit slow 
convergence. 
As noted above, the use of tetrahedral elements should be avoided if possible owing to their 
tendency to produce high stress concentrations. Therefore, to use only hexahedral elements 
several mesh configurations were tried and analysed using pressure as the method of loading. 
It was found that due to the round shape it was not possible to have a uniform mesh ratio in 
the middle section of the log where the elements were radiating from this point. A typical 
mesh layout is shown in Figure 6.1. Recommendations for mesh proportions (Crocombe, 
2001) are that the ratio of the mesh length and breadth should not exceed 10: 1, in this instance 
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the ratio was 6: 1. The stress output for these inner elements was found to be marginally higher 
(2-5%), and this was considered acceptable for this work. 
Figure 6.1 Basic model showing layout of mesh 
To check that the stress in the model was representative of the applied load it was decided to 
vary the method in which the load was applied. First the load was applied equally to the nodes 
and in the second situation a pressure load was applied to the surface; the load was applied to 
the curved surface only i. e. along the line of the dowel. In the first instance the stresses at the 
nodes, along the line of the curved surface, were found to be uncharacteristically high and, 
therefore, this method of loading was rejected. For the pressure load the results were found to 
be satisfactory with the stresses, in the direction of loading, showing a good correlation to the 
applied pressure load. 
The next stage was to establish the level of order of elements, whether they are second or first 
order, this also depends on the level of accuracy required of the analysis. Second order 
elements provide a higher degree of accuracy than the first order elements, although longer 
processing time is required. They capture stress concentrations more effectively and are better 
for modelling geometric features, in particular, they can be used to represent curved surfaces 
using fewer elements. This point was also discussed with experts who have successfully 
modelled timber connections (Guan, 1998; Drake, 1998). A mesh using hexahedral elements 
was suggested as the most reliable solution for achieving the same level of accuracy, and was 
subsequently adopted. 
Initially first order elements were employed in the investigation but to determine whether the 
utilisation of second order elements improved the accuracy of the results significantly second 
order element models were also developed. The results from these tests will be discussed in 
later sections. For the first order model 8-node linear brick elements (type C3D8) and for the 
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second order model 20-node quadratic brick (type ODD) elements were used; both models 
have 3 active degrees of freedom (u, u. u). With regard to the fastener there were two 
options for the mesh configuration. The first option was to use a combination of tetrahedral 
and hexahedral elements as shown in dowel A (figure 6.2). However, it was decided not to 
use tetrahedral elements (wedge elements) since these are known to cause convergence 
problems (Guan, 2001). The second option was to use only hexahedral elements which 
required a very small hole (dia = 1.5mm) to be placed in the centre of the dowel, and this ran 
for its full length. A cross section of the dowel is shown in figure 6.2 (dowel B). This second 
option was chosen for all the models. 
1.5mm dia hole 
Dowel A 
Figure 6.2 Detail of dowel cross section 
Constructing a complete 3D model for each of the three cases (TMI, TM2, TM3) was 
considered to minimise any problems which might possibly occur with boundary conditions. 
Constructing a full model required boundary conditions to be applied at the base only. All 
base elements were restrained in the vertical direction (direction of loading, z) and only six 
nodes were fixed in the horizontal plane (x, y), (see Figure 6.3). 
Two methods of loading the dowel were tried during these initial stages. For the first method 
the load was applied to the dowel nodes, however, with this method displacement problems 
developed with the dowel passing through the timber model. The second method, and the 
method that was adopted, was to use displacement control where the dowel nodes were set to 
a predetermined displacement. To check the total applied load for this method it was 
necessary to sum the reaction loads at the base. 
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Dowel B 
7 
Elements I to 7 
Note. C733 'ý Crz 
I. -, 
" 
Six nodes at base of model fixed in x, y 
plane 
, -,. All base nodes fixed in z 
direction 
Figure 6.3 Model TMI illustrating model boundary conditions 
6.3.4 Non-linear analysis conditions 
Static stress analysis (ABAQUS, 1998) was used to analyse the embedment models. The 
procedure is described as being suitable for the following conditions: 
(a) where the effects of inertia are neglected 
(b) for both the linear and non-linear analyses 
(c) where the time dependent effects of the material (creep, swelling and viscoelasticity) are 
ignored. 
The typical mode of failure for a single bolted connection with the load parallel to the grain, is 
non-linear due to the elastic-plastic condition of the material when the fibres, under the 
fastener, reach a plastic state at a certain load point (the limit of proportionality). ABAQUS 
has the facility of incorporating large-displacement effects and is also able to accommodate 
material non-linearity within this condition. Newton's method is used to analyse non-linear 
equilibrium equations where the solution is obtained as a series of increments. ABAQUS 
places an algorithmic restriction on the increment size since Newton's method has a finite rate 
of convergence. Figure 6.4 shows a 'generalised' load-displacement mode of failure for a 
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bolted timber connection loaded parallel to the grain direction, and this was found to be 
generally consistent with the experimental tests carried out in this investigation. 
In order to model this mode of failure two elastic-plastic functions are available within the 
ABAQUS software, these are the classic metal plasticity option [*PLASTIC]2 and the 
anisotropic yield criterion [*POTENTIAL]. Both of these options enable modelling of 
inelastic behaviour. Although they were developed for metals it was found that by combining 
the two criteria reasonable correlations could be found for the clastic-plastic action of the 
timber. 
The first function is based on the von Mises yield condition which can be written as follows: 
I(C71 - C72) 
2+ (Cr2 
- Cr3) 
2+ (CF3 
_CYI)2] = ý: 7a Eqn 6.2 
where 
C71, Z3 ": principal stresses in the principal axes 
CFO = yield stresses 
With the von Mises condition high yield stresses (cro) can be achieved, particularly, when the 
principal stresses in the Cr2 and cr3 axes are lower than in the cy, axis, as is the case with the 
timber (where cr, is assumed to be along the same axis as the longitudinal fibres). 
An extension of von Mises' work was carried out by Hill (1983) who developed an 
anisotropic yield model where the yield behaviour could be modelled through the use of yield 
stress ratios. The difference between the work of these two mathematicians was that von 
Mises failure criterion is based upon the yield of homogeneous isotropic materials, whereas 
Hill modified the von Mises hypothesis to suit anisotropic materials. Hill assumed the yield 
criterion to be a quadratic and expressed it in terms of rectangular Cartesian stress 
components (Hill, 1983). The equation took the following form: 
Acy) = 
ýF(cr 
- cr )2 +G 
2+ H(a a )2 + 2La 
2+ 2Mcr 2+ 2Na 2 Eqn 6.3 22 33 (CY33 - cr 11) 11- 22 23 31 12 
and f(a) =I 
where F, G, H, L, M, and N are constants obtained by tests of the material in different 
orientations. They are defined as follows: 
2. ABAQUS (1998) input commands shown in square brackets [ ]. 
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2R12 
where dij is the measured yield stress value when cry is applied as the only nonzero stress 
component; CT 0 is the reference yield stress specified on the [*PLASTIC] option; R11, R22, 
R33, R12, R13, R23 are anisotropic yield stress ratios; and -co = cr 0 /J3- (ABAQUS, 1998). 
The six yield stress ratios are defined as follows: 
C; ll CY22 CY33 C112 C113 C723 
CTO ) CTO I CTO I TO TO 0 TO 
where 
measured yield stress values aii -= 
Cro reference yield stress value 
'ro cro/,, /3- 
In the case of anisotropic yield the yield ratios are defined with respect to a reference yield 
stress, which in this case is given as the yield stress in the [*PLASTIC] option. 
Owing to the scale of work needed in order to deterniine the yield stress values for the 
different axes (crij, crn), it was decided to use previously published data (Lavers, 1983: Bodig 
and Jayne, 1993) where the values could be identified based on the different species. 
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The failure mechanism is clearly an important part of the analysis and an investigation, 
specifically dedicated to this problem, would form a major study in its own right. Owing to 
the scale of work needed to develop this failure criterion for timber it was not considered 
practical, within the overall programme of this work, to establish a yield criterion specifically 
for this problem. Previous investigators have used tri-linear analysis to model bolted 
connections in sawn timber (Goh and Kermani, 1994; Patton-Mallory et al., 1997b); which if 
undertaken would require a user sub-routine to analyse the problem using ABAQUS. The 
4 metal plasticity and anisotropic yield' options were, therefore, used as a first approximation 
and are based on the von Mises yield surface and Hill's extension of von Mises' function. The 
material models are defined in the programme by giving the value of the uniaxial stress (Cý33) 
as a function of the uniaxial plastic strain, along with the stress ratios for different axes. For 
this investigation the yield stress was derived using the regression equations developed in 
Chapter 5 (section 5.5.2 on page 142) where the limit of proportionality was used for the yield 
stress. The stress was derived using the density variable (x) determined from the experimental 
tests. 
Non-linear region 
"Ci Limit of proportionality 
Linear region 
Displacement 
Figure 6.4 Gencralised load-displacement failure for connection loaded parallel to the grain 
6.3.5 Fastener to timber contact simulation 
To simulate the contact between the fastener and the timber a contact analysis procedure was 
used (ABAQUS, 1998). This method enables many different conditions to be modelled, for 
example, mechanical, thermal and coupled thermal-mechanical. Some typical examples of the 
mechanical contact condition are as follows: 
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0 the contact between two cylinders pressed into one another 
-a pipe flange connection 
0a pinned connection under axial load 
Two techniques are available for modelling contact and interaction problems where surfaces 
or contact elements are used. The first method uses a surface based contact situation which 
can cover many contact conditions. The second method includes the use of slide planes. A 
typical example of this might be for simulating a slippage between two planes, such as a small 
diameter pipe being pulled along inside a larger diameter pipe. Combining these two methods 
is also possible and this has successfully been achieved for a timber connection (Guan, 1996; 
Guan and Rodd, 1997). A detail of the various contact situations used by Guan (1996) is 
shown for a timber joint using a hollow steel fastener in Figure 6.5. In this example the 
conuct betweetl tirubtr and 
DV%V A 
CoAtact betwiten Owl and 
DWI A 
wrlact ?., eAweAn Vinber and 
DVV t 
D%, W 
dr-bor 
Contact between Umber inj 
wwhcr 
(Guan, 1996) 
Figure6.5 Detail of contact conditions for timber joint with hollow steel fastener 
surface based condition has been used for the contact between the fastener and timber based 
materials (DVW and timber), whilst the slide planes condition has been utilised for the 
contact between the different timber materials, such as: 
(a) the timber and the washer 
(b) the timbcr and the DVW 
(c) the two DVW surfaces mounted on the timber 
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For the investigation described in this thesis only the surface based contact conditon was 
used. 
Three main steps are required to generate the contact condition. Firstly, the surface or contact 
node set needs to be defined. It is possible to use either the surfaces of the contacting bodies 
or one surface and one contact node set. For this study the former method was used as the 
latter method has limitations in terms of the accuracy in the contact stress. The second step is 
to specify which surfaces will interact with each other, and finally it is necessary to define the 
surface interaction between the surfaces, such as the frictional properties (see section 6.3.9 on 
page 170) 
The ABAQUS program (1998) defines the contact between the two bodies in terms of two 
surfaces that will interact as a contact pair. It is important to distinguish between the two 
surfaces in terms of the order in which they are specified since this will influence how surface 
interactions are discretised. The contact condition between the two bodies works on a strict 
master-slave algorithm, where generally the master surface is chosen as the stiffer body. For 
the current work the master surface was the dowel and the timber was the slave surface. 
Since both surfaces in the model were considered deformable, and the model was three 
dimensional, only the small sliding option was available for this procedure. The infinitesimal 
sliding option was impractical because this formulation ignores non-linear geometric effects. 
It was important to the model that the meshes of the two bodies are similar due to the close 
proximity of the nodes since this helps facilitate the processing time of the analysis. However, 
the meshes should not match exactly as this can over-constrain the model where node to node 
contact occurs. Also, symmetrical meshes may result in one of the nodes sharing the same 
coordinates and this may give rise to a crack or seam in the mesh. The models were, therefore, 
generated with similar contact meshes, but suitably designed so that sharing of the same node 
coordinates was avoided. 
6.3.6 Load transfer during contact simulations 
For the small sliding analysis the slave node (timber) can transfer load only to a limited 
number of nodes on the master surface (dowel). The nodes on the master surface are chosen 
based on their proximity to the slave nodes anchor point The anchor point is selected from 
the slave node's local tangent plane such that the vector from the anchor point to the slave 
node coincides with the normal vector from the master surface. The anchor point is chosen 
before the analysis starts using the initial configuration of the model. For the purpose of 
discussion Figure 6.6 is taken form the ABAQUS User's Manual, volume II, version 5.8, and 
shows a simplified model for the interaction of the master surface and slave surface where the 
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local tangent plane is chosen for point 103; the local tangent plane is always orthogonal to the 
contact direction. In this example the node 103 transmits load to both nodes 2 and 3 on the 
master surface. The magnitude of this load is weighted by the proximity to the slave node 
when the slave node contacts the local tangent Thus, if node 103 impacts the local tangent 
plane at X0, a larger share of the force would be transmitted to the node 3 because it is closer 
to the slave node. In the case of node 104 on the slave surface and node 3 on the master 
surface, where X0 is actually located at node 3, the transmitted load is shared by nodes 3,4, 
and 5 in this instance. 
Should sliding occur along the local tangent plane, the ABAQUS program updates the 
distribution of load transferred by a given slave node to its associated master surface nodes. 
However, no additional master surface nodes are ever added to the original list of nodes 
associated with a given slave node. Potential problems can occur if sliding takes place 
between the master surface and the slave surface, where the relative tangential motion of the 
surfaces is not "small". For example in figure 6.6 if node 103 of the slave surface moved 
beyond node 2 of the masters surface, then node 103 will still be transmitting load to the 
nodes 2 and 3, but in fact it will have passed beyond the mesh of the two nodes. To prevent 
this it is recommended that the slave nodes should not slide more than an element length from 
their corresponding anchor point and still be in contact with their local tangent plane. For 
highly curved surfaces the slave node should only slide a small fraction of an element length. 
slave surface (wood) 104 
\1 
03 
102 N(Xo) 
local tangent plane 
N3 
_/ 
X0 
4 
N2 eý 
1 
master surface (fastener) 
(ABAQUS, 1998) 
Figure 6.6 Detail of anchor point and local tangent plane for contact modelling 
It was previously mentioned in section 6.3.5 that the contact pair formulation works on a strict 
master-slave relationship and it is important in which order these are stipulated because of the 
way the two surface interactions are discretised. For each node on the first surface (slave 
surface) the ABAQUS program attempts to find the closest point on the second surface 
(master surface), the interaction is then discretised between the point on the master surface 
and the slave node. For the models analysed in this investigation, it was found that as the load 
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was applied to the dowel the slave surface would start to deform, resulting in the dowel's 
vertical displacement. During this vertical displacement the dowel surface (master surface) 
would come into contact with nodes on the wood surface (slave surface) which resulted in a 
change of slope of the load displacement graph because additional vertical resistance was 
being developed due to the additional contact between the nodes. This effect was typical for 
these contact simulations and will be discussed later in more detail (section 6.4 on page 173) 
6.3.7 Interpretation of stress distribution across the log 
Stress in terms of engineering mechanics is described as intensity of force (Gere and 
Timoshenko, 1991) which is represented by a force per unit area. As a general description 
stress can be considered in three dimensions, and is often demonstrated by use of a cube with 
three orthogonal axes; the normal stresses are then defined as being perpendicular to the faces 
of the cube. In this investigation the stress to be determined is that beneath the dowel and is, 
therefore, only considered in the direction of the axis of loading. Using three dimensional 
FEA means that once the nodal displacements are determined, the various stresses and strains 
can be calculated. In this instance the stress output comprised three direct stress and three 
shear stress fields. Owing to the versatility of the ABAQUS (1998) program software, it is 
also possible to obtain graphical presentations of the different calculated outputs, such as 
contour plots of the different stresses and strains, or displacement plots. These plots are 
considered to be a very useful tool (Fagan, 199 1), not only for examining the overall output of 
the model but also for quickly checking that the model is correctly constructed, and observing 
if there are any gross effors. 
For this study a method had to be established for determining the stress beneath the dowel, 
which required examination of the stresses in the direction of loading. It was noted in the 
previous section (section 6.3.6) that by using the contact pairs procedure, not all the nodes 
would be in contact between the dowel and timber surface. This procedure would usually only 
occur when the clement had deformed sufficiently to allow complete contact between the two 
surfaces of the respective elements. In certain cases, where the elements were too stiff, total 
contact between the two surfaces would not take place, leaving only part of the element under 
direct vertical contact stress by the dowel, the non-contacting section of the clement would be 
influenced by those parts of it that are in contact. In this analysis only the stresses at the 
integration points were used to determine the stress in the timber, because these were the 
components in direct contact and, therefore, considered to be the most representative of the 
vertical stresses. 
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A ftirther consideration was the order of element used. First order elements were represented 
by a total of eight integration points, four of these being at the contact surface; while the 
second order elements had a total of 27 integration points with 9 points at the surface. To 
determine the stress on each element, for the final bearing stress, an 'averaging' approach was 
used, which is generally considered acceptable, although care should be taken at boundary 
nodes (Fagan, 1991). It was, therefore, decided to average the stresses for the contact 
elements in order to obtain the stress distribution for the timber. This averaging was, however, 
only carried out on the surfaces that had been established as being in full contact. It will be 
seen in section 6.4 how the stress profile changes during the analysis, due to this contact 
condition. For the analyses in this study only the outputs for the first order models are shown 
and in each case the stress is represented for the integration points situated at the surface, 
since this is considered to give an acceptable representation of the changing stress level in the 
element during the application of the load. 
During the initial stages of the analysis procedure it was decided to look at the stress 
distribution through the element, directly below the dowel, to determine if there was a 
significant difference in stress levels. This was achieved by using a first order model where 
two layers of integration points could be used to access the vertical stress profile through the 
log. It was found that the distribution across the log for the elements reached its highest value 
directly below the dowel; the stress then reduced with depth. Wilkinson and Rowlands 
(1981b) found a similar effect for a two dimensional FE model which considered the stresses 
around a bolt-loaded hole in sitka spruce plates tested in tension. This particular model was 
analysed using a uniform density, but the results reveal a non-uniform stress. The reasons for 
this will be discussed later in section 6.4 on page 173. Therefore, for all the tests it was 
decided to represent the stress distribution using the average of the integration points at the 
surface, since this was considered to give the most representative results. 
6.3.8 Material properties 
As previously mentioned the aim of this analysis was to develop a numerical correlation with 
the experimental embedment strength results established in the previous chapter. 
Furthermore, by using this technique it is possible to examine the influence of the varying 
bearing strength across the log; this is not possible experimentally without cutting the sample. 
The linear elastic assumption was used for defining the mechanical properties of the log, and 
this was the simplest form of elasticity available in the ABAQUS (1998) program. By using 
this linear elastic model it is possible to define isotropic, orthotropic or anisotropic material 
behaviour which made it suitable for the timber. Since wood is recognised as being an 
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orthotropic material (Bodig and Jayne, 1993; Goodman and Bodig, 1970; Hearmon, 1962) it 
was possible to use this procedure for representing the mechanical properties. 
To apply the orthotropic elasticity theory to timber it is important to apply a set of global axes 
to the timber since this will allow identification of the grain orientation of the wood. Certain 
assumptions need to be taken into consideration, for example, in an idealised model features 
such as knots, taper and eccentricity are ignored. The timber is best described by a cylindrical 
coordinate system where the long axis of the timber is L, the radial orientation of the wood 
rays is R, and the curvature of the cylindrical growth rings is C. To analyse the wood in a 
rectangular coordinate system the idealised arrangement is shown in figure 6.7. These planes 
are generally used for wood mechanics, and they were the planes adopted in all the finite 
element models. 
Actual Idealised 
L 
T 
C 
Figure 6.7 Dctail of orthotropic model coordinate system 
Working from the tensorial form of Hooke's law (equation 6.10) which connects the nine 
components of stress, aij, to the nine components of strain, cij, there are 81 stiffness 
coefficients and 81 compliance coefficients identified in this form: 
(Tij -': Sijkl6kl Eqn 6.10 
where 
Clij stress components, including both normal and shear 
9 strain components, including both normal and shear 
Six compliance tensor, i. e. proportionality parameter 
ij, k, I coordinate index, each can attain independently the values of I or 2 or 3. 
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The law in the form of equation 6.10 contains redundancies because of the symmetry 
characteristics of the stress and strain matrices. Moreover, tensor strains cannot be measured, 
and, therefore, only engineering strains are measurable. Hooke's law takes on a simpler form 
when six independent stresses are linearly related to the six independent engineering strains. 
Furthermore, using the relationship of the engineering elastic parameters of the timber with 
the compliance forms of Hooke's law, the timber orthotropic characteristics can be 
represented by six moduli. Three are called the moduli of elasticity (EI, Ejý, ET), and the other 
three are the moduli of rigidity (Gly, GLT, GRT). By expressing all the compliance coefficients 
in terms of the engineering constants Hooke's law can be expressed in the following form: 
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Eqn 6.11 
The assumption of the orthotropic behaviour combined with the symmetry of the elastic 
coefficients of the matrix leads to the following relationships: 
VLR 
- 
VRL VLT 
- 
VTL VRT 
- 
VTR 
EL ER' EL ET' TR ET 
6.3.8.1 Prediction of elastic parameters 
An important part of the analysis was to determine the elastic parameters for the varying 
density so that these could then be entered into the model. Previous investigators had carried 
out tests for different species, and for various individual densities of the same species, 
(Carrington, 1922; Carrington, 1923; Hearmon, 1948; Dinwoodie, 1981), but no numerical 
relationships were given. To determine these elastic parameters from experimental testing 
was considered impractical in terms of the scale of work involved. In particular, in terms of 
the number of specimens that would be needed to provide a suitable density range. However, 
a study by Bodig and Goodman (1973) determined a series of power type regression 
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equations based on their own experimental results and data from other investigators, and part 
of the work included a correlation of density with other parameters. Exponential expressions 
were chosen because these described, more closely, the variation between the data points over 
the entire range. The authors found reasonable accuracy using density to predict the elastic 
parameters; they also concluded that EL was suitable for predicting the other elastic 
parameters, however, Poisson's ratios should be excluded. Based on this research the 
relationship given in equation 6.12 was used and the different values for a and b, with respect 
to each elastic parameter, are shown in Table 6.1. The paper was written by American authors 
and, therefore, the output from these equations was in pounds per square inch (psi), which 
were converted to metric units for the analysis. 
ax b Eqn 6.12 
Table 6.1 Regression variables for determining elastic parameters 
xyab 
Density (p) EL 7.3544 (106) 1.7315 
ER 3.1485 (105) 9.9329 (10-1) 
ET 2.8666 (105) 1.4342 
GLR 2.1881 (105) 7.9478 (10-1) 
GLT 1.8466 (105) 6.7476 (10-1) 
GRT 4.1156 (104) 1.5085 
Note: Results given in psi. To convert to kN/mm' multiply by 6.879xi 0-6 
Units for density to be entered as specific gravity 
The investigators explained that the R-squared (Rý values were not significant for the 
regressions of the different Poisson's ratios, and as a result they suggested that the unifonnity 
of these values was used; values are proposed for softwoods and hardwoods. Published data 
for Poisson's ratios with respect to a density range is limited, however, Hearmon (1948) 
reports some elastic wood constants for various species, but only one set of results is given for 
the Scots pine; several sets are provided for different densities of sitka spruce. Inspection of 
the data showed there to be little difference in Poisson's ratios over the given density range, 
and similarly there was negligible deviation between the two species. To examine any 
possible influence due to Poisson's ratio several models were analysed for a range of 
densities. The influence on the results was discovered to be negligible and, therefore, it was 
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decided to use one set of Poisson's ratios for all the models, the values are noted in Table 6.2 
Table 6.2 Poisson's ratios 
Poisson ý Ratio 
VLR 0.68 
VLT 0.015 
VRr 0.038 
(Bodig and Ja"e, 1993). 
6.3.9 Friction relationship between the fastener and the timber 
When two surfaces come into contact with each other they usually transmit a shear force as 
well as normal forces across the interface. The relationship between these two forces is 
normally known as the friction between two contacting bodies. The ABAQUS (1998) 
program uses a basic form of the Coulomb friction model to represent a friction condition. It 
assumes two contacting surfaces can carry shear stresses up to a certain magnitude across 
their interface before they start sliding relative to one another. This condition is described as 
"sticking" in the model. The Coulomb friction model defines this critical shear stress (r,, j), at 
which sliding of the surfaces commence, as a fraction (g), of the contact pressure (p) between 
the surfaces: (r,, ý pp). The sticking-slipping calculations determine the point at which 
changes take place. Where g is the coefficient of friction. 
Rodd (1973) realised during an investigation of the analysis of timber joints made with 
circular dowel connectors that friction between the dowel and timber had a significant 
influence on the strength of the joint. Rodd found that the strength of a timber joint made with 
circular connectors was affected by two parameters. Firstly, the coefficient of sliding friction 
between the circumferential surface of a connector and the timber on which it bears, and 
secondly the compressive strength of the timber perpendicular to the grain. He then goes on to 
describe the effect of the surface preparation of the timber and how this can influence the 
coefficient of sliding friction (p, ). To determine pg Rodd carried out an experiment that 
would allow different surface conditions to be simulated, these comprised the use of PTFE3 
tape, plain steel and knurled steel. The coefficient of friction of sliding values found were 
0.123,0.14-0.40 and 0.585 respectively. It was noted that the value range for the steel was 
found to correlate well with existing data published for steel and timber. 
3. PTFE - polytetrafluorethylene 
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Smith (1983) looked at the coefficient of static friction (pt) and the coefficient of sliding 
friction with respect to metal dowels or fasteners and dry European whitewood. The 
investigation considered the orientation of the timber fibres in relation to the direction of 
loading and the effect of the surface finish. Smith states that the surface finish can be 
influenced by various factors such as drill type, rate of feed, drill speed and orientation of the 
growth rings relative to the axis of the hole. It was concluded that although a variation in the 
frictional characteristics over the contact surface between the timber and connector is likely to 
occur the variation is small enough that the frictional characteristics may be considered 
constant. From this investigation the following average values were obtained: 0.65 and 
P, t = 0.72. 
An experimental investigation (Rowlands et al 1982; Wilkinson and Rowland, 198 1 a) found 
that friction was a significant factor and must be included in any numerical analysis of 
fastener loaded holes in wood. For this work the authors investigated the effect of various 
parameters for a rigid fixing in an orthotropic material. They found that if friction was absent 
from the model there would be a tendency for relatively low modulus materials, such as 
wood, to wrap around the bolt and thereby distribute pressure more evenly. Using finite 
element analysis the investigators discovered that the effect of friction disappears at some 
distance below the hole, no value was given by the authors for this distance. A coefficient of 
friction (ýt) of 0.7 was used; this was based on published data. 
It is clear from the investigations noted above that friction is a significant factor in relation to 
the strength capacity of a timberjoint. It was therefore decided to include this parameter in the 
fmite element analysis. The coefficients (N) differed between the two authors with Smith 
establishing higher values. To examine this difference, a range of values (0.35,0.45,0.55) 
was chosen. It was found that the influence on the results over this range was negligible. A 
value of 0.45 was chosen for all the models. 
6.3.10 Comparison between first and second order analyses 
It was noted in section 6.3.3 on page 155 that first and second order models were developed in 
order to establish if there was a significant variation in the degree of accuracy produced by the 
models. To compare the two methods a TM3 model was created with the only difference 
being in the order of element used. In the case of the first order model, 8 node hexahedral 
(brick) elements were used for the log and the dowel; for the second order 21 (brick-) elements 
were utilised. In terms of constructing the model, the time difference was negligible since 
once the basic mesh was created the mapping of the elements onto the mesh required only the 
input of the element order. 
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With respect to the processing time the first order model was found to run for approximately 4 
hours while the second order model ran for nearly twice this period. The results from both 
models were found to be similar. A load displacement plot for the two methods is shown in 
figure 6.8 where it can be seen that the two gauges follow a similar path. However, in the final 
stages of loading the first order model was still showing the ability to sustain further load, 
while the second order model showed a load plateau, thus indicating that maximum load had 
been reached. Similar comparisons were also found for the stresses at the contact surface 
beneath the dowel. 
Owing to the size of the file generated by these analyses and the limited amount of processing 
space available a maximum displacement of 2.5mm was generally achieved, after which the 
programme would terminate. It is for this reason that the two graphs do not extend to the same 
displacement as the experimental results. 
Where it could be advantageous to use second order elements would be in the refinement of 
the mesh in the contact zone. Since these elements are noted as being more effective and 
better for modelling geometric features, in particular, they can be used to represent curved 
surfaces (ABAQUS, 1998). 
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Figure 6.8 Comparison of first and second order models 
--0- First order model 
--0- Second order model 
---0- Experimental 
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6.4 Finite element analysis results 
6.4.1 Introduction 
As was mentioned in Chapter 5 the aim of developing the finite element models was to 
examine the influence of the density profile on the embedment strength of the log. The FEA 
has enabled the log to be modelled in its entirety for each of the three tests TM I, TM2, TM3 
(section 5.4 on page 118), but with the flexibility of varying the mechanical properties of the 
logs. This allowed the different density profiles measured to be represented across the log, in 
addition it was possible to represent density for the whole log. It was shown in Chapter 5 that 
small roundwood typically exhibited a dished profile with the higher density being found 
towards the circumference of the log, although a few samples were found to have 
asymmetrical profiles. In these instances the sample would show a higher density on one side 
of the log. The models were also used to illustrate the influence of using the average log 
density (whole sample density), since this is what is used for current timber connection 
design. The following work will, therefore, show the results from the analyses for the three 
models TM I, TM2, TM3 which are referenced in Chapter 5. 
6.4.2 Comparison of the FEA and experimental results for TM1 
To compare the experimental and finite element results, load-displacement plots were used to 
evaluate the success of the FEA modelling. For the experimental results the displacement was 
measured on both sides of the loading frame adjacent to the dowel (see Fig. 5.15, on page 
124), whilst in the case of the numerical model the two extreme nodes for the timber 
elements, on either side of the log, were used since these were thought to be the points most 
representative of the timber deformation. They were also considered to be the points closest to 
the positions where the experimental displacement readings were taken. Figure 6.9 shows the 
curves for the experimental and numerical results, and for this analysis the maximum load 
shows a good correlation with the experimental test results. The displacement for the 
numerical analysis does initially demonstrate a marginally steeper relationship than the 
experimental results up to a load of approximately 35kN. After this load the FEA shows a 
similar trend to the experimental results up to the point of maximum load, however, after this 
point the load capacity of the FEA model reduces while the experimental test continues to 
sustain load. In the case of the experimental data the timber demonstrated a classic load- 
displacement profile for timber tested in the 'parallel to grain' direction; this profile was 
typical for all the tests. 
It was not possible to determine the influence of the varying density of the timber from the 
experimental load-displacement graphs because the test procedure is based on an assumption 
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of a uniform test material. This can be seen in figure 6.9 where the two experimental graphs 
for the wood follow a similar path. In the case of the FEA it was possible to represent the 
displacement for each node, if desired, and this would clearly show the displaced nodes 
across the log. However, to correspond with the experimental test only the two outer nodes 
were used. The reason for the two FEA curves overlaying one another in figure 6.9 was due to 
the similarity in density at the outer edges of the log. 
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Figure 6.9 Load-displacement curves for sample with varying density 
Chapter 5 described how strain gauges were used to measure the strain in the dowel (section 
5.4.3 on page 122) by attaching the gauges to the surface of the dowel in two places. The 
objective of this was to establish if there was bending in the dowel and whether it occurred at 
maximum load. Figure 6.10 shows the strain results for the FEA and the experimental results. 
The load for numerical analysis was equated to the experimental test failure load, and the 
density was as shown in Figure 6.14. It can be seen from the experimental results (gauges 1 
and 2) that there is a difference in the strain readings, but as explained in Chapter 5 (section 
5.4.3 on page 122) there was a tendency for some of the samples to load slightly unevenly in 
the initial stages of the test. This difference was only found in the initial stages of loading, 
after which the gauges became consistent, this meant that the two curves were initially 
displaced from each other. The results for the FEA indicate that the dowel was bending, 
although the values for the numerical model arc lower than the experimental values 
suggesting that the dowel for the FEA was not deflecting to the same degree as the dowel in 
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the experimental test. In the case of the uniforni density the strains were predicted to be 
identical. 
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Figure 6.10 Graph of strain output for dowel 
6.4.3 Model TM1 - three point loading 
--0- Experimental gauge I 
-Cý- Experimental gauge 2 
FEA gauge I 
--0- FEA gauge 2 
The aim of carrying out this test was to analyse the normal stress for the full width of the log 
whilst still maintaining a uniform bearing stress under the dowel, since this is the objective of 
the test described in BS EN 383. In Chapter 5 it was noted in section 5.4.3 on page 122 that 
16mm and 20mm. diameter dowels were tested for both species of timber, but for the finite 
element analysis only a model for the 20min dowel was developed. It was necessary to 
establish a load-displacement and density-stress correlation between the experimental and 
numerical analysis, and the 20mm dowel was chosen for this analysis. 
The models were developed with the ability to vary the density across the log and for the TM I 
model a comparison was made for the two density conditions. Two analyses were undertaken 
(a) an analysis with a uniform density (whole sample density), and (b) an analysis for variable 
density. The density values were established from the experimental tests. 
6.4.3.1 TMI with a uniform density profile 
Figure 6.11 shows the load-stress relationship for the different elements (I to 7) across the log 
which has unifonn density. For this load-stress relationship the curves show a consistent trend 
with the curves overlaying one another, however, after a stress of about 22 N/mm2 the curves 
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for the two outer elements (I and 7) start to deviate from the other curves. The reason for this 
is due to the dowel bending under load. These elements have now yielded and subsequently 
can no longer sustain the applied load; the load is then transferred on to the inner elements. It 
was explained in section 6.3.6 that as the element deforms under load, further nodes are added 
to the contact simulation and this adds additional bearing resistance to the wood. This 
additional resistance subsequently increases resulting in a rise in the stress values as further 
load is applied, and this can be seen in figure 6.11, at a load of approximately 60 W, where 
the curve shows a slight increase in stress. 
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Figure 6.11 Load and stress relationship for TM I test with uniform density (see figure 6.3 for 
numbering) 
For maximum load (figure 6.11), it is clear that the values of the stress for the different 
elements are not equal, with elements I and 7 (the outer elements) showing lower values, 
while the remaining five inner elements show similar results. A comparison of the stresses at 
maximum load for the uniform density and varying density is detailed in section 6.4.3.3 on 
page 181. This point is further illustrated by plotting the stresses across the elements (I to 7) 
for different stages of loading, during the test, and these are detailed in figure 6.12. The plot 
shows the stresses remaining constant across the log as the load is applied up to 28kN. As the 
load continues to increase the stresses for the inner elements (2 to 6) increase in value thus 
indicating that the outer elements have now yielded, after which the stress then reduces for 
these elements. Similarly, as the load continues to be applied the elements 2 and 6 start to 
show a reduction in stress compared with the remaining inner elements. The results shown in 
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figure 6.12 indicate that as the load is applied the dowel is bending, resulting in the outer 
elements yielding before the inner elements. This suggests that as these elements begin to 
yield more load is transferred on to the next inner element, since the outer elements ability to 
sustain load is reduced. The further application of load means that gradually the inner most 
elements will be carrying the load, with only limit load carrying capacity to be found in the 
outer elements, as shown in figure 6.12. With respect to the stress levels found from the 
analyses it would be expected that once the elements had yielded the stress would remain 
constant, which would be in accordance with the constitutive behaviour assumed for timber in 
compression. This, however, was not demonstrated by the models and, therefore, the results 
should be viewed with caution. Without further detailed investigation the reasons for this 
stress reduction are difficult to explain. One possible explanation is the models inability to 
manage the levels of embedment deflection involved. It is, therefore, recommended that the 
results shown after the linear portion of the graph are used with care. 
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Figure 6.12 Stresses for elements I to 7 at different stages of load with uniform density (Test 
TM 1) 
A contour plot for the normal stress (S33) is illustrated in figure 6.13 which has been 
generated from the results of the numerical model. The plot shows the stress output for the 
timber elements immediately below the dowel, where it can be seen that there is symmetry in 
the stress contours across the log. 
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Figure 6.13 Contour plot of normal stress in elements across the log with uniform density, at 
65kN total load 
6.4.3.2 TMI with non-uniform density 
The analysis was then carried out using the properties established as part of the experimental 
tests (section 5.4.3 on page 122) for a sample with a symmetrical density; the timber property 
values were input using the method described in section 6.3.8. Displacement was applied 
incrementally using the ABAQUS automatic time setting, and the maximum displacement 
was set to 3mm. For the experimental tests a value of 5mm was used for maximum 
displacement. From the summation of the base nodes a total load of 75kN was established and 
this showed a reasonable comparison with the experimental test load (79kN). Figure 6.14 
shows the load-stress output for the elements across an individual log, including the density 
profile (inset) that was determined from the experimental results (see section 5.2.2 on page 
96). In this instance, elements I and 7 show the highest bearing stresses followed by elements 
2 and 6 which correlates with the trend of the density profile. After which elements 3,5 and 4 
demonstrated the highest stresses as was characteristic of the density profile for this log. It 
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Figure 6.14 Load and stress relationship for TM I test with varying density (inset) 
was shown in figure 6.12 how the stresses across the elements increased with load until the 
point at which the stresses remained constant with increased load. For the case of the varying 
density, as shown in figure 6.16 it is clear that the outer elements, with the higher density, 
show higher stresses than the inner elements. This is in contrast to the uniform density model 
where the stress was generally uniform in the initial stages. It shows that these outer elements 
provide significant bearing resistance to the dowel until the load carrying capacity is 
exceeded where more load is then transferred on to the inner elements. Figure 6.14 shows 
similar comparisons with the model shown in Figure 6.11 in that the stresses reduce once they 
have yielded, which as explained previously is not representative of the constitutive 
behaviour for timber in compression. Subsequently it is, therefore, recommended that the 
results following the linear portion of the model are treated with caution. From figure 6.15 it 
can be seen that at the ultimate load (75kN) the outer elements (1,2,6,7) have yielded and the 
inner elements (3,4,5) offer the higher bearing resistance. 
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Figure 6.15 Stresses for elements I to 7 at different stages of load with varying density 
sample (Test TM 1) 
The contour plot for the normal stress (S33) is shown in figure 6.16 and it is clear from the 
plot that the stress distribution is not uniform, with the higher stress values being obtained 
towards the outer edges of the specimen, where the higher density was measured. 
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Figure 6.16 Contour plot of normal stress in elements across the log (along the line of the 
dowel) with varying density, at 65kN total load 
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6.4.3.3 Comparison of bearing stresses at maximum load for samples with 
varying and uniform density for model TMI 
Figure 6.17 shows the stress levels at a load of 62kN for the analyses with uniform and 
varying density. In the case of the uniform density (see section 6.4.3.1 on page 175) the stress 
appears to be reasonably constant across the middle section of the log, although for the outer 
elements (I and 7) the stresses are lower than the inner elements, since these elements have 
yielded, and are unable to sustain further load increases. Taking the mean of this stress 
distribution as the predicted stress, gives a result which agrees reasonably well with the stress 
value determined experimentally. 
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Figure 6.17 Stress output for timber elements below dowel at maximum load for samples 
with varying and uniform density (model TM I) 
The stress levels for the varying density are consistent with the density profile where the 
higher stresses have been calculated for the elements with the higher density. There is a 
difference of 18% between the maximum and minimum stresses. This shows agreement with 
the work of Wilkinson and Rowlands (1981b) who found that increasing the elastic properties 
of the material resulted in an increase in the radial stress under a bolt. 
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6.4.4 Model TM2 - American test 
The American test was the second experimental test to be modelled using FEA. With this test 
it is assumed that there is no bending in the dowel, as it is loaded directly by the platen of the 
test rig (section 5.4.4 on page 132). It is still not possible to establish the effect of the density 
variation experimentally across the log by cutting the sample into smaller units, since the 
units would have to be treated individually and the affect that the adjoining elements have is 
difficult to ascertain. Consequently, FEA was used to estimate the influence of the density 
variation. 
Figure 6.18 shows the stresses in the elements immediately below the dowel, at the maximum 
test load, for the varying and uniform density; the density profile of the sample is also 
illustrated. The profile for the varying density is the characteristic dish shape for the small 
roundwood with the outer elements exhibiting the higher density. It is apparent from the plot 
that the outer elements are the most highly stressed with a difference of 33% between the 
maximum (outer elements) and minimum (inner elements) stresses. For comparison, the 
model was also analysed with a uniform density where the whole sample density was 
determined from a disk cut from the log. As expected in this situation a reasonably uniform 
stress was found across the sample, and the output from the analysis can be seen in figure 
6.18. In the case of the uniform density the variation in the stress levels is attributed to the 
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Figure 6.18 Stress output for samples with varying and uniform density profiles (model 
TM2) 
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a averaging' of the stresses across the log (see section 6-3.7 on page 165) and the location of 
the elements %ithin the mod. -L The elements mithin the middle third section of the model are 
surrowulcd by the outer ckments and arc, therefore, receiving additional stiffiiess from these 
adj3=t clements. As the ckments get closer to the outer edge the stiffiess; reduces because 
the nurnbcr of outer clements is reducing, and iinally, the outside clement has no support on 
die free edge. A comparison of the strcss variation, for the two models, shows a 4% difference 
acnm the mod: l for a uniform d. -nsity, while the var)ing d=ity dernonstrates a 33% 
difference bcu,. ccn the maximum and minimum stresses. 
6.4-4.1 Comparison of load -displacement relationship for experimental and 
FEA results 
It can be seen froen figure 6.19 that the results for the FE analysis show a good correlation to 
the experimental results. Although the total load for the cxpcrimcntaJ test was marginally 
higher (31, o) the results slxnv a good comparison. Both curves show that once maximum load 
had been reached the lo3d reduced with increased displacemcn4 which in the case of the 
experimental results can be attributed to the s=ple splitting at the maximum load (see 
section 5.4.4.4 on page 134). In the case of the numerical analysis the model is unable to 
represent this 'splitting' failure mechanism without the introduction of the ABAQUS 
Program crack propagation parameter, and this failure characteristic is discussed in more 
detail in Chapter 7. What u as c%idcnt from the numerical results was that as the elements 
under the dowel reached the yield point the elements were seen to compress, and in the case 
of the c1cmcnts at the edge they would project beyond the line of the model face, as shown in 
figUre 6.20. Figurt 611 shows the normal stress output (S33) for the whole model. 
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6.4.5 Model TM3 - European test 
It was stated in Chapter 5 (section 5.4.5) that the small roundwood samples were cut to widths 
of two and four times the dowel diameter. This implies that the timber was tested within the 
width range noted in the British Standard (BS EN 383). Strain gauge readings from the 
experimental tests showed the dowel was bending under load, and in the case of the 4d test the 
dowel yielded. The code, however, requires that the dowel should act as a stiff linear fastener 
to ensure an even bearing stress across the timber surface. The density measurements from 
these tests showed the density to vary across the log with the higher values characteristically 
being found towards the outer edges. This implies that there will be a difference in stress 
levels across the log. It was decided to analyse the 4d sample only because the density was 
known to vary more over this width than the 2d sample; a 2d analysis would be 
straightforward to perform based on the 4d model. Once again the complete 3D model was 
developed with the facility to input the different densities across the log; and the end distances 
given in the code were used. It was also possible to input one uniform density if desired. 
Figure 6.22 shows the outline of the three dimensional model where the sample was made 8 
elements wide with each pair of elements representing one density segment, the centre of the 
dowel was 7d from the base of the sample. 
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4d 
7d 
Figure 6.22 Three dimensional model of 4d wide sample showing layout of elements and 
nodes 
In order to compare the experimental and numerical results it was decided to analysis the 
model using the density profile established from the experimental tests; a uniform density was 
also analysed. The density values used for the following results were the same as the sample 
shown in Fig. 5.29, on page 139. The stress parallel to the direction of loading, is shown in 
figure 6.23 where stress output for the elements is shown for the duration of the analysis. It is 
quite clear from the analysis that the two outer elements are more highly stressed than the 
inner two elements and figure 6.25 shows a comparison between these elements at a load of 
40kN. The variation in stress level (at 40kN) between the maximum and minimum is 14%. 
Once again the results shown after the linear section of the graph should be treated with 
caution, because the reduction in stress does not show a corresponding reduction in load as 
would be expected. 
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Figure 6.23 Load-stress relationship for TM3 test with varying density (shown) 
The stress contour plot for the elements directly below the dowel is shown in figure 6.24 
where the variation in stress can be clearly seen by the differing colour patterns. The plot 
shows that the outer elements (I and 4) are beginning to yield with a reduction in the stress 
contour being clearly visible. The strain readings also showed that the dowel was bending at 
this load level which is also emphasised in the contour plot since the area under stress from 
the dowel (elements I and 4) is larger than the inner zone. 
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Figure 6.24 Contour plot of normal stress (S33) for TM3 model with varying density 
I 
In contrast, the analysis was performed with a uniform density, as would be used in practice; 
this was equal to 504 kg/m 3. The result showed elements 2 and 3 to be more highly stressed 
than the outer elements although there was symmetry in the model, and this can be seen in 
figure 6.25 where the normal stresses reached a load of 40kN are shown. The symmetry in the 
stress levels, about the centre line i. e. elements 1,2 and 3,4 is due to the uniform density, but 
the outer elements exhibit a lower stress which may be attributed to the bending of the dowel 
and the yielding of the elements; the bending of the dowel was verified by the strain levels on 
the top of the dowel determined by the analysis. This was also supported by the displacement 
graph, shown in figure 6.26, which represents the wood nodes below the dowel; it can also be 
seen from the analysis that there is symmetry about the centre of the model (node 5). Both the 
stress outputs in figure 6.25 exhibit different shapes with lower stresses occurring in the Outer 
elements of the uniform density model, and in the case of the varying density the higher 
stresses correspond to the density profile. In the former case the lower stresses, in the outer 
elements, are attributed to the dowel bending under load and the yielding of the elements. 
Whereas the difference in the results, for the varying density, would be expected owing to the 
density variation. 
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Figure 6.25 Stress output for samples with uniform and varying density profiles (TM3) 
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Figure 6.26 Displacement for wood nodes below dowel with uniform density (TM3) 
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It was mentioned previously that the aim of the European test is to achieve a uniform bearing 
stress where the fastener is meant to act as a stiff linear fastener. To simulate this condition a 
uniformly distributed load (udl) was placed along the centre and throughout the width of the 
dowel; this test sct-up negated any bending in the dowel. The analysis was then performed 
with the varying density profile, where the values measured from the experimental tests were 
used. The resulting stresses for the element at maximum load are shown in figure 6.27 where 
the outer elements (I and 4) display higher values, and the overall stress variation between the 
maximum and minimum stress was 14%. 
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Figure 6.27 Stress output for sample with varying density and udl on the dowel (4d test) at 
40kN load 
The idealised European method of testing for embedment strength is to assume a stiff linear 
fastener under load in order to create a uniform bearing stress across the log. To determine the 
effect of this condition the model was analysed with a udl along the dowel's central axis and a 
uniform density for the whole sample, since current practice would assume only one density. 
From the analysis the stress across the log was found to be uniform with a value of 26 N/mm 2 
for all the elements at maximum load. The vertical displacement of the dowel was also found 
to be constant across the log with a value of 2.08mm. This equal displacement indicates that 
there was no bending in the dowel; similarly the strain readings for the dowel showed 
minimal deviation between the elements. 
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6.4.5.1 Effect of bending in the dowel 
It was noted above that the aim of the European test is to achieve a uniform bearing stress 
beneath the dowel, although the experimental work detailed in this thesis showed that bending 
took place during the tests. However it is possible, using FEA, to determine if the dowel 
bending has a significant effect on the bearing stress across the log. This is achieved by using 
the tests where the loads are applied at the end of the dowel (figure 6.25) and the uniformly 
distributed load (figure 6.27), since for the latter test there was no significant bending found 
in the dowel. The point at which the bent dowel would be considered to have the greatest 
effect would be on the outer elements (I and 4). The stress in elements I and 4 for the udl load 
(40kN) was 27 and 29N/mm2 while for the analysis with the end loads (4OkN) the stress was 
26 and 28N/MM2 which means the bending results in a decrease of approximately 4% in the 
bearing stress of the outer elements. This decrease in stress which is due to the bending in the 
dowel is relatively low, which suggests that in the case of the TM3 test the bent dowel will 
only slightly over estimate the embedment strength. 
6.4.5.2 Simple check on output stresses 
To establish if the stresses generated under the dowel were representative of the applied load 
basic load/area calculations were carried out after each analysis. The total load was found by 
summating the reactions for the base node and the area was taken as the length of dowel 
multiplied by its diameter. By carrying out these simple checks it was possible to quickly see 
if the results were characteristic of the load being applied. 
6.4.5.3 Examination of bearing stresses in the curved surface of the wood 
below the dowel 
It was discussed in sections 6.4.3.1 and 6.4.3.2, that the stresses remain relatively constant as 
the load is increased over a specific load range. The reason for this is due to nodes being 
added to the contact surfaces of the dowel and the wood elements thus resulting in additional 
bearing area below the dowel. It was, therefore, decided to investigate the stresses in the wood 
elements that form the curved surface, namely elements a to d as shown in figure 6.28. 
Two analyses were performed using a uniform density across the sample, in the first analysis 
a maximum density was used and for the second an average density were used. The results 
from these analyses, at failure load (48kN), are given in Table 6.3 It is evident from the table 
that stresses in elements b and c are compressive while elements a and d tensile. Examination 
of the nodes, that were in contact at the failure load, supported these findings; only a limited 
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Figure 6.28 Schematic detail of contact condition between dowel and wood elements 
number of nodes were found to have associated themselves with the dowel nodes for the 
elements a and d. 
Table 6.3 Bearing stresses for wood elements forming curved surface (model TM3) 
Element 1234 
Mwdmum. density 
a 2.34 2.35 2.18 2.34 -ve - compression 
b -27.53 -25.12 -25.66 -27.18 +ve - tension 
c -2 /. -3 1 -23.12 -23.66 -21.15 All stresses in N/mm" 
d 2.34 2.35 2.18 2.34 
Average density 
a 0.66 3.67 1.38 1.89 
b -28.26 -26.39 -26.36 -28.04 
c -28.26 -26.39 -26.36 -28.04 
d 0.66 3.67 1.38 1.89 
20mm diameter 
Ae-11, 
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6.5 Observations 
The work described in this chapter has shown that finite element analysis can be used to 
examine the influence of density variation, across a section of small roundwood, with respect 
to the stress distribution across the timber. The investigation was carried out for three 
different models, which had also been tested experimentally, in order to provide a correlation. 
Using FEA meant that the cffect of the density variation and stress distribution could be 
studied in detail. In order to undertake this study experimentally would have required cutting 
the sample and this changes boundary conditions. 
The models all showed that with an increase in the elastic parameter (EI), which represents an 
increase in density, a higher bearing stress was achieved. For one of the analyses the 
difference between the maximum and minimum stress was as much as 33% (Model TM2, 
section 6.4.4 on page 182). It is important to note that from the load versus stress graphs the 
outputs show an increase in load with a reduction in stress. However, this would not be 
inaccordance the constitutive behaviour assumed for timber in compression. It is, therefore, 
recommended that the results are treated as being representative for the linear section of the 
graphs. After this point the data should be treated with care until a further detailed 
investigation has been carried out. 
Current design practice for structural sawn timber does not allow for density variation, and 
this would appear to be appropriate since the density variation is considered to be low for this 
timber form, owing to the maturity of the trees generally used for sawn timber. However, in 
the case of small round timber the density variation would have significant implications, since 
the bearing stress below the fastener will not be uniform. A further consideration will be in 
the configuration of the joint, for example, if the lower density material is loaded before the 
outer material, such as a connection with a centre plate (flitch plate), the displacement of the 
joint under load would be higher due to the lower density material yielding at a lower load. 
The analyses confirmed that bending was occurring in the dowel when the bearing length was 
limited to 4d, and the load was applied to the ends of the dowel (TM3). Bending was 
established using the nodal displacement of the wood, below the dowel, and also the strain 
readings from the dowel elements. Negligible bending was only found to occur if a udl load 
was applied to the dowel. This was also the case for the American test (TM2) where the 
loading platen from the test rig directly loads the dowel. Strain predictions from the FEA 
showed a reasonable correlation to the experimental results (Fig. 6.10, on page 175), although 
the experimental results initially showed different readings due to the 'bedding in' of the 
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specimen; the rate of strain increase was found to be uniform after this initial bedding in' 
stage. 
In the case of test TM3 where the width of sample was restricted to the code requirements 
(4d) bending was still found to occur in the dowel. The effect of the bending was found to 
decrease the bearing stress by 4% which is relatively small in terms of influencing the overall 
design of a connection. 
The non-linear load-displacement analysis for all the examples considered was found to show 
a reasonable correlation with the experimental data. Optimisation of the mesh layout and 
mesh density played a significant part in the modelling process and the models developed for 
this work have shown a good correlation. It would, however, be recommended that future 
work be carried out in order to refine or simplify the mesh. All three models showed good 
load-displacement correlations. However, for the TMI analyses it was evident that once 
maximum load had been reached, the model was unable to sustain further load, whereas the 
experimental tests demonstrated the ability to maintain the applied load. Reasons for this lic 
in the different failure mechanisms between the two procedures. In the experimental tests the 
fibres were seen to crush vertically beneath the dowel which still had the ability to transfer the 
load to the timber fibres beneath this 'crushed' zone. In the case of the numerical model the 
elements were seen to 'squash' once the yield point had been reached and subsequently were 
unable to continue to transfer the same degree of load to the elements beneath. 
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Chapter 7 
Discussion 
7.1 Introduction 
Ile purpose of this investigation was to determine the strength attributes and the embedment 
characteristics of small diameter round timber with the airn of establishing the material's 
suitability for use in construction. In addition, one of the key objectives was to start the 
development of design information that will give engineers and designers the opportunity to 
use the material to its maximum potential. The work has investigated the complete chain from 
the timber being felled in the forest through to the end use where it is designed to act as a load 
bearing clement in a structure. 
This chapter draws together the work that has been carried out during this investigation and 
comprises four sections. The first section outlines the perspective for the development of 
small roundwood as a structural material, particularly in comparison with the current status 
for sawn timber. Aspects considered are the production of the technical information needed, 
environmental factors and the exploitation of the material. The second section discusses the 
findings from the study on the bending and compression strengths in particular in relation to 
the suitability of the material for use in structural applications. Section three is concerned with 
the question of jointing in terms of the material's embedment strength and how small 
roundwood compares with other, more traditional, timber forms. Finally, section four deals 
with the overall design considerations using the information established from this research 
and it applications in engineering design practice. 
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7.2 Perspective for the development of structural small 
roundwood 
Roundwood was one of man's first construction materials, along with stone and, prior to the 
development of sawing techniques, the round form was a natural choice. It was only after the 
development of the sawing technology that the round form fell out of favour. For at least 250 
years man's efforts, in terms of research and development appear to have been focused on the 
non-round shape: sawn (rectangular) timber and board materials have been the main forms 
used for structural timber applications leaving the round form to become a neglected 
technology, except for its use in (large diameter) transmission poles. Until quite recently small 
roundwood appears to have been virtually ignored as a material in its own right. 
For a material to be considered as a candidate for use as a structural material, consideration 
has to be given to a number of aspects concerning the production, structural qualities, ease of 
use and availability of the material. Some of the main aspects that need to be considered for 
small roundwood are shown in Table 7.1 which compares the situation for conventional sawn 
timber. The purpose of the table is to draw attention to the key elements of the problem/ 
situation, and is not intended to be exhaustive. These elements are discussed in more detail in 
the following subsections. 
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Table 7.1 Key differences between sawn timber and small roundwood 
Operation Sawn timber Small roundwood 
supply Limited home-grown structural sawn tim- Abundance of UK homegrown material 
ber with majority of timber being with many species being available. 
imported. 
Harvesting 
Processing 
Strength Properties 
Grading 
Jointing 
Generally carried out at clearfell stage Forms part of natural forestry manage- 
when trees have reached desired maturity. ment process. 
Logs cut at sawmiII to required size Mechanical or hand debarking, including 
machine rounding. 
The strength properties for this timber 
form have been extensively tested for 
many different species resulting in a pro- 
lific amount of design information. Cur- 
rcntly UK timber is typically graded to 
C16 with higher grades coming from 
imported timber. Current codes: 
BS EN 384: 1995 
BS EN 408: 1995 
BS EN 338: 1995. 
Visual and mechanical grading standards 
available 
Limited testing has meant that there is 
very little information available in com- 
parison with sawn timber. This timber 
form is known to have high bending 
strength. The compression strength 
restilts for this programme of work 
showed the material to have a strength 
class comparable to the bending strength 
class. Currently no codes have been pub- 
lished specifically for this material. 
No published standards for grading. 
0 BS 4978: 1996 
BS EN 518: 1995 
BS EN 519: 1995. 
Codes utilise Johansen's formulae for 
many different joint configurations 
0 BS EN 383: 1993. 
Environmental Sustainable material although energy is 
needed to cut the material into shape. 
Approximately 95% of the UK structural 
timber is imported. 
Handling/market- Industry geared to dealing with large vol- 
ing/distribution ulnes of sawn timber, particularly uith 
imported timber and distribution around 
the UK. Prolific marketing through tim- 
ber industry and forestry bodies vith sub- 
stantial technical information being 
avail able on the mechanical properti es. 
Distribution to the end user is achieved 
through numerous timber merchants 
throughout UY, 
No specific code for small roundwood 
with no account being taken of density 
variation. 
Sustainable material with limited energy 
needed to debark the log. Structural use of 
this timber form could be based enti rely 
on supply from the UK's own forests. 
Lack of familiarity urith material requires 
additional handling time. Absence of suit- 
able marketing material and technical 
information, results in lack of understand- 
ing of small roundwood attributes. Distri- 
bution limited to specialist mills dealing 
primarily urith small roundwood. 
* The full titles of the standards can be found in the reference section at the rear of the thesis 
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7.2.1 Production 
As was mentioned in Chapter I small roundwood originates as thinnings which are a by 
product of the normal process of forestry management. Although only 10% of Britain is 
forested, the supply of thinnings is generally greater than the demand. As a result the thinning 
process may not be carried out, or the thinnings are left in the forest to rot or if taken away, are 
mainly used by the paper and pulp industry as mentioned in Chapter 1. This excess of supply 
over demand means that the paper industry exercises a strong influence on the price of the 
timber. The development of other uses for the material would clearly be of economic benefit: 
the potential structural uses are those of particular concern for the present discussion. 
Once the small roundwood has been felled, it needs to be debarked which can be achieved by 
hand or mechanically with relatively little damage to the fibres of the timber. However, this 
will usually result in timbers with a slight taper. Removal of the taper can be achieved by 
machine rounding but this causes destruction of a significant part of the outer fibres of the 
logs. This may have some deleterious effect on the timber strength as discussed in section 7.3. 
7.2.2 Technical information 
For a material to be used in structural applications it will need to be supported by suitable 
iechnical information in the two main areas of its strength characteristics and joint design. 
7.2.2.1 Strength characteristics 
Research into sawn timber has been extensive with a vast amount of technical information 
now being available (BS EN 338 : 1995, BS EN 384 : 1995, BS EN 408 : 1995). This 
information gives details of the sawn timbers mechanical properties, thus enabling designers 
to determine the timber's safe working stresses. In the case of small roundwood there is very 
limited information which means designers are unable to design roundwood elements using 
the correct stresses, and therefore the designer can only estimate the stress level based on 
engineering judgement. 
Strength grading of timber plays an important part in the development and promotion of the 
material since the grading provides the designer with suitable technical information. Grading 
of sawn timber is carried out either visually or mechanically and is covered by British 
Standards (BS EN 518: 1995, BS EN 519: 1995). In the case of small roundwood there is no 
established grading procedure which means that it is currently impossible to establish a 
strength grade for a log. 
To determine the grade of sawn timber visually requires specific properties to be identified, 
and one of the key properties is the knots. In the standard BS 4978 (1996) there is detailed 
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guidance on measuring the knots which are then related to a particular grade. For small 
roundwood the effect of the knots is more pronounced due to their appearance around the 
circumference of the log, at the whorls, and also because of the young age of this material the 
KAR could be considered higher than that of a sawn section. 
Recent developments in timber classification (BS EN 338 : 1995) have sought to remove the 
effect of the timber's origin by establishing a set of strength classes where the timber is 
categorised according to its strength properties which are established from experimental tests. 
For sawn timber, a set of strength classes has been developed and the set is independent of 
species. For small roundwood this has not been possible due to the limited testing of this 
timber form. 
7.2.2.2 Joint design 
In order to design a timber connection certain parameters are required such as the joint 
configuration, fixing type, density of the timber and the number of fixings. These points have 
been extensively researched and subsequently published in the form of standards and 
guidelines (EC5 : 1995), but for small roundwood there is very little information. With regard 
to the joint configuration there are 20 different joint mechanisms for determining the 
connection capacity for sawn timber. These configurations cover, for example, timber to 
timber joints and metal to timber joints, but there appears to be no evidence to suggest that 
they are applicable for small roundwood. 
Using the equations for joint design given in EC5 (1995), which are based on Johansen's 
work, it is necessary to know the embedment strength of the timber. This parameter can be 
mathematically determined using timber density and diameter of the bolt, or by experimental 
methods. For the former method the average density is used since the density variation of 
sawn timber is considered small. In the case of small roundwood, the density may vary across 
the log. In this case it would not be possible to incorporate the variation in this parameter 
using the existing equations. 
Experimental determination of the embedment strength of a sample is limited by the current 
standard (BS EN 383 : 1993) to sample test widths in the range from 1.5d to 4d (where d is 
the bolt diameter). In the case of small roundwood this is impractical, since the sample width 
would exceed four times the respective bolt diameter. This may be avoided by cutting into the 
width of the log, but if there was a variation of density across the timber, the embedment 
strength would not then be measured. 
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7.2.3 Environmental considerations 
It is now becoming important for design engineers to be aware of the environmental impact of 
designing with construction materials. From this viewpoint consideration should be given to 
the energy consumption required, not only to manufacture or produce the material but also to 
remove it after its design life, even to the extent of how it will be disposed of or recycled. In 
this respect, timber is a natural choice due to: 
" its sustainability 
" the low amount of energy needed to produce it in comparison with other construction 
materials e. g. steel and concrete 
" its ability to act as a carbon store during its working life 
" its capacity to be easily recycled. 
For roundwood thinnings the environmental advantages are even greater than for its sister 
material sawn timber, since the preparation of round timber requires less time and energy than 
the non-round form. The thinnings are part of the natural forest management process which 
means they are extracted from the forest for the betterment of the remaining trees. 
Unfortunately, in some instances the thinnings may be Icft in the forest if there is no market 
for them, and this will be to the detriment of the remaining trees since it impedes their growth 
(Davies, 1996) alternatively the trees may be felled and left in the forest to rot. Thus, 
developing other markets for thinnings would encourage their removal form the forests and 
thus improve the quality of forest management achieved overall. 
It is relevant to note that while approximately 95% of the UK's structural timber is currently 
imported there is a surfeit of available roundwood. From the points noted above the 
environmental benefits of using small diameter round timber in construction are significant, 
and demonstrate sound logic for using this material in the future. 
7.2.4 Exploitation 
A lack of knowledge on the structural attributes of small roundwood has meant that this 
timber form has not been exploited to its full potential. To develop and promote this timber 
form will require suitably published information where designers and engineers can safely 
use the timber as a structural material. This information could take the form of codes 
paralleling those of sawn timber, which would be complemented by guidelines and technical 
specifications. 
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For a material to be competitive in today's market it needs to be suitably priced. Current 
prices for roundwood can match those of similar size sawn timber, but in theory it should be 
cheaper. This is largely due to the way the industry is currently organised, since its bulk 
market is sawn timber and it is, therefore, set up to deal with this timber form. At present, 
introducing small roundwood into the market place means that timber merchants have to 
make special arrangements because they are not able to handle small roundwood efficiently, 
and consequently extra costs are incurred. This situation would be rectified once the demand 
for the material was increased, so that timber suppliers became equipped to deal with small 
roundwood effectively, and thus to market the product at competitive prices. 
A further aspect is the availability of the material. In most towns it is possible to purchase 
sawn timber, either from a timber or builder's merchant or even a DIY store, but very few of 
these timber suppliers stock roundwood. This also means that people are unaware of this 
timber form and, its many uses, since it is not being made available to them. From the 
author's experience the only suppliers of small roundwood are fencing centres or roundwood 
specialists. Rectifying this problem, in terms of making people aware of this timber form, can 
only be from promotion of the material through marketing and making it available through 
many more timber suppliers. To make people aware of small roundwood's potential it is 
important to demonstrate how it can be used in a structure. This can be achieved by the 
construction of real structures using the small round timber for the structural components, and 
drawing people's attention to its use. 
7.2.5 Summary 
It is clear that there is potential for small roundwood to become a structural material since it 
has attributes from the point of view of its strength, its environmental friendliness and its 
aesthetics. The work carried out in this investigation has identified some of the material's 
mechanical and physical characteristics, and this information should be used as the 
foundation from which to continue the development of this timber form. Continued research 
can only lead to a better understanding of the material's qualities. Future utilisation can only 
come about by promotion and awareness of small roundwood and these are paramount to its 
development Achieving this goal can be aided by appropriate design information and 
demonstrating how the material can be structurally utilised. 
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7.3 Strength Characteristics 
For a material to be used as structural component it is necessary to know key parameters 
about the material's strength. Once these properties have been established a structural 
designer is then able to design safcly using this material. In the case of timber two of the most 
commonly used material properties arc the bending strength (Q and compression strength 
parallel to the grain (f,; 0). Other important properties associated with these two parameters are 
, 0). 
It is from these parameters that the engineer can design a the moduh of elasticity (E., E, 
structure, providing the timber engineering principles are known for sawn timber, to derive 
further engineering properties, C-9- f4 0, b fy, L, fc, 90, ký ft, 90, ky Eo. os,, EK It has been 
established that the relationship betwcenf. and E. can be used for machine grading sawn 
timber. Thus by measuring these two parameters for small roundwood a similar form of 
grading would seem possible. 
It was decided to test two species from the UK with the aim of determining the bending and 
compression strengths. Since there was no comparative material with which to check the 
results or to test principles directly related to small roundwood, testing was subsequently 
based on the sawn timber test method with adaptations being made to the equipment for 
0 special rigs had to be designed in order to ,& 
In the case of E,,,, and E. measuring f. and fe 
measure these parameters. 
Scots pine and sitk-a spruce were the two species chosen for the test programme, due to their 
being the main commercial softwood species in the UK, although many of the other species, 
such as Norway spruce (picea abies), European larch (larix decidua) and Corsican pine (Pinus 
nigra) would potentially be suitable for structural applications. Hardwood thinnings also have 
the potential for construction applications. The Scots pine had a better overall appearance, in 
terms of the logs' straightness and knot spacing. A visit to the Scots pine forest during the 
research programme, by the author of this thesis, also showed how well managed the stand of 
trees was in comparison to the other sites in Scotland and Wales that had been visited 
(Cottingham, 1996); (these sites generally contained Scots pine and Douglas fir (pseudotsuga 
menziesii) species). The fact that the Scots pine was felled from a very well managed forest 
means that the sample may be atypical of Scots pine thinnings in general. 
The second species to be tested in this investigation was sitka spruce. The timber was felled 
from a forest in the Kielder Valley in Northumbria, but the quality of this material did not 
appear to be of the same standard as the Scots pine. However, the forest was not visited by the 
author so it was not possible to detennine the quality of the stand by direct inspection. The 
overall straightness of the sitka spruce was not as good as that of the Scots pine and the 
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specimens exhibited many smaller knots between the main knot whorls, suggesting that the 
trees were not in fact as well managed as the Scots pine. 
It should also be borne in mind throughout this work that only timber from two stands was 
tested. Thus the extent to which the trees tested are representative of the thinnings of these 
species in the UK is impossible to ascertain without testing further samples from different 
stands. 
Having measured the strength parameters (see section 7.3.1) it is then possible to consider 
assigning strength grades to the timber (see section 7.3.1). In order to understand the elements 
that contribute to or detract from the timber's strength it is necessary to carry out a detailed 
statistical analysis of all the parameters that may be relevant (see section 7.3.3). This 
statistical analysis also permits investigation of the potential relationships between the 
different strength characteristics for small roundwood which would parallel those which have 
been established for sawn timber (see section 7.3.5) 
7.3.1 Bending and compression strength 
It was mentioned above that two key parameters used in structural timber design are the 
bending (MOR) and compression strength (MORC). These were therefore measured for the 
small round timber, as were the elastic modulus (MOE and MOEC). The test arrangements 
for bending and compression allowed the logs to be tested for both parameters, although 
elastic modulus had to be measured first. In both cases special rigs were developed to measure 
the elastic modulus and these were based on the principle for measuring the MOE for sawn 
timber. For the bending test the apparatus was fixed to the log at the start of the test and this 
parameter was measured before the MOK Once the test for the MOE had been completed the 
rig was removed from the log since it would have been damaged when testing for the MOR 
(see section 3.3.4). Similarly for the elastic modulus in compression (MOEC) the rig was 
mounted on the log (see section 3.4.4) and the test was carried out before measuring the 
MORC, since the mode of failure for this latter parameter would not have damaged the 
equipment as would have been the case with the bending test. 
For the programme of testing, described in this investigation, a four point bending test was 
used for measuring Em, where the MOE was established in the middle third of the log as this 
was considered to be the zone of pure bending. With sawn timber the test apparatus for 
determining MOE is relatively straightforward due to the timber's parallel sides. In the case 
of the small roundwood the test is more difficult owing to the curved surface and tapering 
section of the specimens. A special frame was thus designed to measure the MOE. it was 
made adjustable in order to accommodate both the curvature of the log's surface and its 
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varying diameter. Setting up the equipment for this test normally took approximately 10 
minutes per test. Measuring the MOE required the log's neutral axis (NA) to be identified. In 
true geometrical terms this is unobtainable due to the irregular surface and tapering section. In 
practice it was assumed that the logs were cylindrical, and although they were in fact 
approximately conical, it was considered that the small degree of taper they exhibited would 
have negligible cffect on the values of the strength parameters determined. 
Density and Moisture content are two important physical properties which are known to 
influence the strength parameters of timber. They were measured on completion of the test for 
each small roundwood sample. The sample for the analysis was cut from the log as close to 
the point of failure as possible, but to ensure the density was characteristic of the log a whole 
sample disk was cut from the log. The weight (mass) of the sample is easy to determine to 
within a fraction of a percent using digital scales. To determine the volume of the timber disk 
a comparison was made between two methods, for the first method, the disk's average 
diameter and thickness were measured, and for the second, the Archimedes principle (see 
Chapter 3, section 3.2.6) was used. The latter test was considered to give the most accurate 
volume measurement, but was also the most time consuming to carry out. A difference in 
volume of 5% was found between the two tests. Therefore, for future density testing it would 
be acceptable to determine the volume of the sample based on the average diameter and 
thickness measurements, because this is easier to achieve and less time consuming. 
Owing to the differing moisture contents of the samples the adjustment formula given in 
EN 384 (1995) (for structural timber) was used in order to try to give a consistent set of data 
for the f., f,, 0, p12 results. However the results from the multiple regression models (in 
Chapter 4) and the correction coefficients suggest that the formula is not appropriate for all 
small roundwood species and, therefore, it should be used with caution until further testing is 
carried out to verify these findings. Verification of the formula could be achieved by 
specifically testing small roundwood for a range of different moisture contents. The first 
phase of the statistical analysis (see section 7.3.3) provided evidence that the corrections had 
been successfully achieved. 
Previous research has investigated the variation in the MOE by measuring it globally (E,,. ), 
using the three point bending test, and the true MOE (Ft,,, j using the four point bending test, 
described in Chapter 3. Work by Biblis (1965) on sawn timber found that the determination of 
the deflection was affected by the span-to-depth ratio, because for spans with a ratio of less 
than 10 there was a significant effect from the shear deflection. However, for a span to depth 
ratio greater than 10 the effect became less as the ratio increased and the deflection was 
considered to be due to pure bending. For the logs tested in this investigation the span to depth 
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ratio was 18 and, therefore, the influence of shear deflection would be considered to have 
negligible effect. These results correlate with the work of de Vries (1998) who compared 
global and true MOE measurements on small round timber with the same span to depth ratio 
of 18. He found that only a 6% increase in the global MOE was needed in order to achieve a 
comparable true MOE result. Based on these findings it would be acceptable to measure the 
MOE using the global method, providing the span to depth ratio was greater than 18. 
However at this stage it would be sensible to limit the ratio to a conservative value of, say, 20 
since the value at which shear deflection influences small roundwood has not yet been 
reported to the author's knowledge. This is a subject which needs further detailed 
investigation. 
By measuring the bending and compression strengths it is possible to start the initial work in 
developing a set of grading requirements for the small roundwood. For sawn timber the 
bending strength is a key parameter, and it is also used for determining other strength 
properties (see section 7.3.5). Establishing grading rules would be a positive approach 
towards providing the structural designer with a material of assured strength. 
7.3.2 Strength grading 
The aim of strength grading structural timber is to ensure that the properties of the timber are 
satisfactory for use, and in particular that the strength and stiffness properties are reliable. The 
rules for grading are correlated with the strength and stiffness of the timber which are 
determined through experimental testing. There are two methods of grading: visual and 
mechanical. For visual grading, factors such as the rate of growth, knots, slope of grain, 
fissures and reaction wood are considered, while for mechanical grading the correlation 
between the bending modulus of elasticity and the bending strength is used to strength grade 
the timber. Developments in machine technology and the established relationships betwecnf. 
and E. has meant that mechanical grading has become a preferred method of grading 
structural timber. The reasons for this preference are the reduction in human error and the 
faster assessment of the grade. A further development from the grading of sawn timber is the 
strength class system where it is possible to have hundreds of grade/species combinations for 
structural timber (Desch, 1996), which means that a strength class can be designated to the 
timber which is independent of the species. In considering roundwood in the present work it 
was felt appropriate to consider the results from the species separately before moving to the 
overall strength class. It would appear from the results, although confirmation would be 
needed for other samples, that a strength class for the small roundwood is species dependent. 
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From the bending and compression strength results, analysed in section 4.5.3, the bending 
material was found to demonstrate a higher grade than the compression material when graded 
according to EN 384 (1995) and BS EN 338 (1995). A summary of the grading results is 
given in Table 7.2. In both cases the grade stresses were adjusted by the factor (Q because 
there was only one sample. Although the Scots pine was known to be the better quality 
material it surprisingly exhibited a lower strength class (C30) than the sitka spruce samples 
(C35). The density for the sitka spruce was also lower than the Scots pine. The reason for the 
lower grade in Scots pine was due to the MOE. From the results it can be seen that although 
the two values were close the Scots pine was sufficiently low to drop one strength class. 
Table 7.2 Summary of streng: ffi classes 
Strength parameter Strength Class 
Scots pine 
Bending (f. ) C30 
Compression 0) C27 
Sitka spruce 
Bending (f. ) C35 
Compression 
, 0) 
C18 
The small roundwood showed good bending strength but the compression strength was 
slightly lower and thus would be detrimental to the overall grade of the material if the 
compression and bending strength grades were combined, since the lower grade would have 
to be adopted. 
The values of die compression strengths of the timber showed a significant difference 
between the two species (Table 4.2), and this was reflected in the final strength grades that 
were established. For the mean compression strength the Scots pine showed a value 15% 
higher than the sitk-a spruce. Other noticeable differences (which can also be observed in 
Table 4.2) were the knot properties, with the sitka spruce showing a much larger mean value 
for the knot parameters than the Scots pine. The typical failure mechanism for the 
compression specimens was at the positions of the knots where local buckling of the fibres 
was apparent at the surface. This failure mechanism is reflected in the results of the two 
species where strength classes of C27 and C18 were obtained for the Scots pine and sitka 
spruce respectively. As expected the Scots pine material showed a higher mean density than 
the sitka spruce. 
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To investigate the role of the overall difference in certain parameters, such as ringwidth (r) 
and knot properties, in the final strength of the timber a more detailed analysis is required. 
This investigation forms a major part of the statistical analysis which is described in detail in 
Chapter 4 and discussed in the next section. This analysis can also be used to establish a set of 
visual grading requirements based on the known strength parameters. Furthermore it was used 
to investigate a possible relationship betweenf. and E. that would permit machine grading to 
be used on small roundwood (see section 7.3.5). 
7.3.3 Statistical analysis 
7.3.3.1 Distributions 
The first aim of the statistical testing described in Chapter 4 was to assess the distributions of 
the key variables; namely the modulus of rupture and modulus of elasticity in bending and 
compression for both species, and also the density. The fact that the parameters all exhibited 
reasonably good normal distributions indicated not only that the corrections for moisture 
content listed in Table 4.1 and based on the BS EN 384: 1995 appeared to be satisfactory, but 
also that there was no evidence of bias in the selection of the logs (which would been seen as 
skewness in the distributions). This permitted the establishment of the comprehensive table of 
data given in section 4.3 as the basis for subsequent analysis of correlations between 
variables. In addition to the many differences in the parameters between the species 
mentioned in the previous section, it can be seen that the ring width (r) for the Scots pine was 
lower than the sitk-a spruce, although the taper (t) showed similar values for the two timbers. 
7.3.3.2 Correlations 
The next stage of the statistical analysis was an investigation of the correlations between the 
different strength parameters, and a number of variables. Calculations (section 4.4.1) of the 
matrices of the Pearson correlation coefficients (R) for all the variables (with the exception of 
the location of the pith) were made for both species in bending and compression (Tables 4.3 to 
4.6). In order to identify an appropriate level of significance the level used by the UK sawn 
timber industry for determining strength grades prior to the introduction of BS EN : 384 
(1993), namely a 2% level of probability, was used. This corresponds to a value of R=0.232. 
The most striking feature of a comparison of Tables 4.3 and 4.4 (for Scots pine) with Tables 
4.5 and 4.6 (for sitka spruce) is the extent to which they differ. In almost all cases the Scots 
pine shows stronger correlations than the sitka spruce. Although this may be due to the 
difference in the quality of the stands from which the two samples were taken noted in section 
7.3, it may equally well be due to the essential differences between the species. 
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Generally speaking the correlation coefficients for the data are low, in particular the knot 
properties while strongly correlated with one another, as expected, are not correlated with the 
age (a) and circumference (c) of the timber for either species. 
It is encouraging to note thatf. and E,,, are relatively strongly correlated for all species as arc 
o and E. our strength parameters appear to be significant at , 0. 
While the correlations of all f 
the 2% level indicated above, it is noticeable that the correlations for sitka spruce arc very 
much lower than those for Scots pine. Again this may reflect either the relative quality of the 
stands from which the samples were chosen, or a fundamental difference between the species 
(or a combination of both! ). This question can be resolved by further testing on samples from 
a number of other stands. 
In both species the density is negatively coffelated with the ringwidth (r), and positively witli 
the age (a), as may be expectecL There is a strong negative correlation of ringwidth with age 
(also for both species) which may also have been expected for similar reasons. 
As far as the strength parameters are concerned, the Scots pine bending material exhibited 
some correlation off. with the knot parameters, but the correlation off. with E. was not 
sufficiently strong for this to be reflected in E. for this material. The reverse occurred for the 
compression material where E, 0 was (weakly) correlated with the knot parameters but f0 C, 
was not. In contrast none of the sitka spruce strength parameters showed any significant 
degree of correlation with the knot parameters perhaps reflecting the extra knottiness of the 
spruce material (see section 7.3). 
There are a number of low level correlations of the strength parameters on other paramctcrs 
(i. e. ý4 t, c, 4 r, a) which appear to have no better pattern. Of most concern is the fact that 
three of the four tables show one of the strength parameters correlating with the moisture 
content (ýL) which suggests that the correction carried out (see section 7.3) according to BS 
EN 384 : 1995 (for sawn timber) may not have been wholly effective for roundwood. The 
only other (possibly related) result of interest is the strong correlation (at the 99% significant 
level) between d and R for the Scots pine bending material. It suggests the material may not 
have been uniformly seasoned. However, the compression material did not show any 
significant correlation between these two parameters, even though the specimens used for 
these tests came from the same log and thus had the same environmental conditioning. 
7.3.3.3 Regression analysis 
An alternative approach to the correlation matrices is to use multiple regression techniques 
(section 4.4.2). In this case the aim was specifically to establish the key parameters 
influencing the strength and stiffness in bending and compression (parallel to the grain) for 
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the samples tested. The parameters considered were those that could be determined non- 
destructively. Multiple regression analysis for the Scots pine's MOR and MOE showed better 
correlations than the sitk-a spruce as was seen in the correlation matriccs discussed in the 
previous section. For the Scots pine bending material variables, the density (P12). moisture 
content (p), diameter (d) and knot area ratio (KAR) were found to be significant when 
calculating the MOR, but the density (p, 2), moisture content (g), diameter (a) were the 
significant properties for calculating the MOE. The expression which gave the most accurate 
description for the knot influence was the knot area ratio (KAR). In the case of the sitka spruce 
bending material only the ringwidth (r) of the log was found to be significant in the model for 
the MOR with a very low R-squared correlation coefficient being established (R2 = 0.096); for 
the MOE only the moisture content (tt) and the age (a) were significant (with R2 = 0.0 16). 
From these low R-squared values it can be seen that the models do not explain clearly the 
variation in the two dependent variables (ý, Eýn). 
It was shown that taking the logarithm for the dependent or independent variables improved 
the homoscedasticity for some of the regression models. For the Scots pine material the 
largest R-squared value was found by taking the logarithm of the dependent variable (namely, 
f,,, E,,,, fý, 0, Er rti ., 0); 
this was also the case for the bending strength and stiffness prope es 
E. ) of the sitk-a spruce. The sitka spruce compression material, however, was found to give a 
larger R-squared without modifying any of the variables. The regression models that were 
considered acceptable, where R2>0.2, are summarised in Table 7.3. 
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Table 7.3 Regression models for determining strength parameters of small roundwood 
species Scots pine and sitka spruce. 
Parameter Regression model R2 
Bending strength (Q 
Scots pine (Eqn 4.3) fm ý-- 10 
1.614+0.00079p, 2+0.0087ýt-0.0035d-0.19KAR 0.39 
Elastic modulus (E. ) 
Scots pine (Eqn 4.5) Em = 100.324+0.0013PI2+0.026ýL-0.0032d 0.23 
Compression strength 
Scots pine (Eqn 4.7) A0 = 10 
1.467 + 0.00057PI2 - 0.018p - 0.00035ks 0.48 
Sitka sprucc (Eqn 4.14) f0= 31.785 - 0.99t + 0.024PI2 - 0.88ýt 0.37 C$ 
Elastic modulus (E,; O) 
Scots pine (Eqn 4.9) E,, O = 10 
0.620 + 0.00093 P12 - 0.014 t 0.31 
From the equations it is possible to identify the most important variables. It can be seen that 
overall the Scots pine was found to generate regression models with higher correlation 
coefficients, to the extent that only one of the regression equations for sitk-a spruce 
surmounted the (Iow) threshold for R2 of 0.2. The density (P12) was influential on the MOE 
and MOR values in both the bending and compression material. It is recognized that knots 
play a significant part in the bending strength capacity of timber, since the British standard for 
sawn timber BS 4978 : 1996 lays out detailed guidance on the visual grading limits for the 
knots in the timber. From the models only the Scots pine material showed the knots to be 
influential for both the bending and compression material, and in both cases a negative cfTect 
was shown. 
Previous research on sawn timber and small roundwood had shown the knots to be key 
properties in the bending and compression failure mechanisms of the timber. It was, therefore, 
decided to measure the knots so the information could be used for the correlation analysis and 
multiple regression models, which formed part of the statistical analysis detailed in Chapter 4. 
In the early stages it was decided to measure as many properties as possible (see Chapter 3), 
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because at this time it was not known what properties would prove to be the most influential 
in characterising the bending and compression strengths. By measuring the properties 
extensively at this stage it would mean that future testing could be rationalised due to the 
findings of the statistical research rejecting some parameters as being insignificant In the 
case of the bending test the two largest knot whorls in the middle third of the log were 
measured, since it was anticipated that these would be the potential points at which failure 
would occur. Also, it would not be possible to measure the knots after the test because the 
mode of failure would make this impracticable due to the sample rupturing and thus making it 
impossible to cut a complete disk from the log at the point of failure. For the compression 
tests the knots were measured after the test, since the mode of failure was not as destructive as 
the bending test. 
7.3.4 Depth relationship 
The current UK/European standard for sawn timber (BS EN 384 : 1995) where the depth is 
below 150mm, allows for an increase in the bending strength by using the formula given in 
Equation 4.16 on page 82. It is assumed that no correction is needed for timbers witli deptlis, 
h, exceeding 150mm. The form of the correction factor would appear to be arbitrary but has 
the advantage of giving a value of I for a depth of 150mm. The American industry has used 
two depth effect factors. The most commonly used is that derived by Markwardt (1938) 
where the relationship has been normalised to a standard depth of 12 inches, as shown in 
equation 7.1 The correction rises increasingly sharply as h reduces below 12 inches. This 
gives approximately a 7% increase in the strength as the depth decreases from 150mm to 
100mm, similar to that obtained from equation 4.16 on page 82. 
12]0-11 kh 
Where h is in inches 
Eqn 7.1 
Madsen (1992) discusses the work of Markwardt (193 8) along with that of Bohannen (1966), 
who was responsible for the second depth cffect factor used by the Americans. He appears to 
have concentrated his interest on glulam beams, and it appears that the mechanisms he 
proposes arc relevant to natural timber. There does, however, appear to be some uncertainty as 
to what standard depth is actually used in equation 7.1. The earlier form of Markwardt (1938) 
appears to use 12 inches while Madsen (1992) uses a depth of 286mm to equate to this 
normalised depth (rather than the 304mm that might be expected). Madsen also appears to 
make a number of other conversion errors in smaller dimensions in the same discussion. 
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In spite of this apparent level of similarity between the UK/European standard and the 
American (Markwardt/Madsen) approaches, there appears to be little agreement on the 
physical mechanisms which underlie the cffect which is clearly seen experimentally. The 
European standard is based on a concept of shear lag (Grifftiths, 2000), while Madsen (1992) 
states that "Tbc depth cffect adjustment was not authenticated by an underlying physical 
phenomenon associated with, for example, flaw distribution or crack growth; it was simply a 
man-made artifice of convenience with no connection to a behavioural mechanism". 
If there is a real effect for (rectangular) sawn timber, it might be expected that there would be 
a corresponding one for small roundwood. However it might also be expected that the form of 
the appropriate correction would differ from that for sawn timber owing to the different 
geometrical cross-section of the roundwood. A further factor that is likely to influence the 
form of any correction is the variation of density (and thus of compression strength) across 
the cross-section of the roundwood (see section 5.3 on page 99). It is clear that the 
investigation of the influence of these two effects (of geometry and of density) on the depth 
correction required is of importance in the effective promotion of roundwood as a structural 
material. Such an investigation would be greatly helped if the mechanism underlying the 
depth correction for sawn timber was more clearly identified. 
In the meantime the empirical approach adopted in section 4.4.4 on page 82 appears to be the 
only way forward. There is clear evidence from the scatterplots of Figure 4.8 that some depth 
correction is needed. This was confirmed by the relatively crude approach of splitting the data 
into two groups (for each species), for which the diameters were; respectively, greater and less 
than 125mm, and performing a paired samples t test. Three approaches were used to define a 
regression curve for the data for each species shown in Figure 4.8: a linear regression line, a 
logarithmic regression line and a power law. The slopes of the regression curves were all very 
similar for each species, as were the values of R2 for them. It is therefore suggested that die 
following linear formulae be considered as provisional correction factors: 
Scots pine f. = 94.4 - 0.32d (R 
2=0.123) Eqn 7.2 
Sitka spruce f. = 79.5 - 0.17d (R 2=0.123) Eqn 7.3 
It should be noted that there are several important limitations on the use of these formulae. 
Firstly they can only be considered valid for the range of depths of roundwood invcsfigated, 
namely 100:: ýh: 5 150mm. Secondly the data from the spruce is much more scattered than for 
the pine, so the coffection may be less reliable. Thirdly these are based on data from only one 
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forest in each case and many more data are needed to establish reliable correction factors, 
even empiricaHy. 
Further support for the idea that the bending strength depends on the log diameter can be 
found by using the multiple regression model I generated for the Scots pine bending material 
(equation 4.3, on page 78). The model can only be used to evaluate the relationship for the 
Scots pine since only the ringwidth was found to be the most influential coefficient for the 
bending strength of the sitka spruce. This model (model 1) found that the diameter (d) and 
knot area ratio (KAR) were both influential properties (at the 99.9% level) and each was 
found to have a negative coefficient, indicating that a reduction in diameter would result in an 
increase in bending strength (f., ). The relationship between the bending stress (Q and 
diameter, using the model I equation, is shown in Figure 7.1 and discussed further below. The 
following properties were used in the equation P12 = 500 kg/M3, ýt = 12%. 
51, 
41 
Q 
44 
41 
4C 
38 
36 
34 
-<>- Model 1 equation 
--0- EN 384 fcxmula 
Figure 7.1 Relationship of ultimate bending strength and diameter for Scots pine material 
For comparison the curve using the BS EN 384 formula has also been shown and the rate of 
change for the EN 384 formula is considerably lower than the model I equation. 
In contrast to these findings de Vries (1998) found that for different diameters of machine 
rounded Dutch larch there was no diameter to strength relationship. This investigation only 
used a one-way analysis of variance to test the hypothesis that several means were equal. He 
concluded that the analysis gave no strong proof of influence of the pole diameter on the 
bending strength. A possible explanation for these findings is that de Vries used machine 
rounded timber for his testing, which would have resulted in a considerable amount of the 
stronger wood (higher density) being machined off the log. 
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7.3.5 Strength relationships 
As a consequence of the relationship between strength (f,,, ), stiffness (EO,, ý,,,,, ) and density 
(f q (P12) equations were developed for various timber parameters based on these properties c, k; 
ft, o, b fvob fcgob foob Eqotmean, E"ean), and these are given in BS EN 384 : 1995. 
Derivations of the equations have been provided for softwoods and hardwoods. Use of these 
equations can prove useful to the designer if limited information is available for a particular 
species. However, these equations have only been generated for structural sawn timber. 
Figure 7.2 shows the relationship between bending strength and compression strength for the 
Scots pine sample with the regression lines also being shown on the graph. The data are 
referenced to the equations given in the code (BS EN 384 : 1995) and by Glos (1995b). The 
association between these properties is expressed in a power form as this is the form 
expressed in the code (BS EN 3 84 : 1995). The mean line for the test data demonstrates higher 
values than Glos's characteristic line, but the comparison between Glos's line and the 
characteristic line (51hpercentile) for the data shows a reasonable agreement. The graphs show 
that the factored line (Q (see section 5.4, BS EN 384 : 1995) is conservative in its estimate of 
the characteristic line. The test data and Glos's line were generated using logarithms, since 
this would allow the Yh percentile and modification to be applied. The graphs were then 
converted back to a power base form. 
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Figure 7.2 Relationship between compression and bending strength for Scots pine 
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The data for the sitka spruce are shown in Figure 7.3 where it can be seen that there is a poor 
relationship between the test data regression line and the line proposed by Glos. The 
characteristic line (51hpercentile) is also significantly displaced from Glos's line. Results from 
the test data showed the sitk-a spruce to have a higher KAR (28%) than the Scots pinc, and 
also the knot whorls were seen to be markedly influential in the compression failures. This 
reference to the knots is relevant in that, generally, all the failures were knot related, with the 
exception of the Scots pine compression specimens where a few samples demonstrated no 
knots. This influence of the knots was not apparent in all the regression models (see section 
4.4.2 on page 77) where only the Scots pine bending (f .. ) and compression (f,, ý showed the 
knots to be important in the models. Once more, it is clear that the modified line (k-. adjusted) 
is possibly too conservative in establishing the characteristic value for the test data. 
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Figure 7.3 Relationship between compression and bending strength for sitka spruce 
Establishing strength relationships will be significant for the future of structural small 
roundwood since it will allow the designer to determine other roundwood properties. For the 
Scots pine the investigation into the relationship between bending and compression strength 
has shown a reasonable correlation to the formula (BS EN 384 : 1995). However the sitka 
spruce demonstrated a poor relationship with the data plots diverging from the formula line 
proposed by Glos (1995b). Ranta-Maunus (1998) found a difference between his data and the 
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formula, although his species were Scots pine and Norway spruce. He explains that the 
variation may have been influenced by the fact that the experiments were made at different 
moisture contents (8-20%), and the adjustment to the reference condition (12% m/c) may not 
be adequate for the compression material. His conclusion is supported by the work detailed in 
section 4.4.1.1 on page 73 where the moisture content (ýL) correlations for the Scots pine 
bending material suggest that the formula may not be suitable for this material. Furthermore, 
the quality of the bending material with regard to KAR and density was slightly higher for the 
bending material than the compression material. 
7.4 Embedment strength of small roundwood 
Timber connections form an important part of timber design and suitably designed joints can 
contribute significantly to the overall structural efficiency of a structure. As a rule of thumb, 
connections can account for around a third of the total design and manufacture costs 
(TRADA, 1999). It is therefore important to establish suitable joint design information that 
will allow engineers to produce safe and economical designs. Over the last twenty years there 
have been some radical changes in the way thatjoint design is carried out for sawn timber and 
these changes have been based on the early work of Johansen (1949), who developed 
equations to predict the ultimate strength of a dowel type joint. He considered that this was as 
a result of a bearing failure of the joint members or simultaneous development of a bearing 
failure of the joint members and plastic hinge forming in the dowel. Three typical joints are 
shown in Figure 7.4 which can be analysed using Johansen's equations. Originally connection 
design had been developed from empirical design methods, but by using Johansen's work, 
analytical design formulae were established, where the joint geometry, the type of timber and 
the mechanical properties of the fastener were used to determine the strength of the joint. One 
of the parameters used in the connection design is the embedment strength of the timber, this 
is the bearing stress of the wood immediately beneath the fastener. Formulae have been 
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derived for the embedment strength based on the timber density and fastener diameter. Only 
one density was considered in the design, whereas for small roundwood. the density has been 
shown in the present work to vary significantly across the log. 
fastener 
6.2.2 
Notation refers to failure modes given in EC5 (1994) 
metal plate 
Figure 7.4 Typical configurations for steel to timberjoints 
7.4.1 Density profiling 
6.2.2 
firnber 
Ile investigation carried out (section 5.3 on page 99) has shown that the density of small 
roundwood can vary by as much as 32% across the log diameter and may need to be 
considered in small roundwood joint design, especially due to the variety of joint designs 
available. To measure the density across the log, a 20mm wide section below the line of the 
fastener was considered. Next seven samples were cut across the log. This was considered 
sufficient to give an adequate number of pieces to detect gross variations. Three methods 
were used to investigate the density. First, the traditional gravimetric method was performed. 
For this the sample volume was determined using either the sample dimensions, or 
Archimedes principle. A maximum difference of 5% was found between the two methods. 
Consequently, to undertake the density profile measurements the former method was used as 
this was quicker and easier to perform. The problem with the gravimetric method is that it is 
destructive in that the samples need to be cut from the log in order to carry out the 
measurements. The second and third measurements were essentially non-destructive. 
The second method used a decay detection drill which only left a small hole where the drill tip 
had entered the log. Development of the drill had found that density could be measured, even 
to the point where the sensitivity of the drill allowed the variation of density within the 
growth rings to be detected. Comparative tests were carried on different logs with the 
gravimetric method. The drill was found generally to under estimate the density: on average 
by 7%; the direction of drilling was also found to give non symmetrical results. The decay 
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6.2.2 f 
detection drill approach has practical applications because it can be used insitu and density 
results can be determine within minutes after drilling. However, in terms of scientific 
accuracy the results should be used with caution. 
The third technique investigated was a sophisticated form of X-ray analysis. Provided suitable 
instrumentation is available, in the form of an X-ray source and optical densitometer, 
conventional X-ray microdensitometry (Kucera, 1994) can be used to measure the density 
through a cross-section of the log. From the point of view of the present the high resolution it 
provides is probably too detailed since it requires the data to be digitised and averaged in 
order to smooth out the density pattern of the annual rings before any macroscopic variation 
can be detected. However, digital X-ray imaging procedures in the form of computer assisted 
tomography can not only offer variable resolution, but also have the potential for 3- 
dimensional imaging in reasonably short times. The trial described in section 5.3.8 (on a 
sample of 20 x 20 x 20mm) and captured on the CD inside the back cover of the thesis, shows 
that not only does the technique have great potential for 3-dimensional density determination, 
but it is possible that it could, in time, be carried out on a log actually undergoing an 
embedment test Thus the stress distributions produced by the dowel could actually be 
monitored during the test. This is clearly not a trivial problem to set-up and instrument but has 
vital potential for understanding the mechanisms of wood joints in all timbers. 
As a fin-thcr measurement of the density characteristics of the samples, helium pycnomctry 
was used where helium displaces the air within a sample, in order to determine the volume of 
the sample. The benefit of using this method is that it is the density of the actual fibre that is 
measured. It was possible to get a good representation of the actual wood fibre density which 
ranged between 1200 kg/M3 to 1500 kg/m3. The limitation of this technique was the size of 
sample that could be tested, since the sampling chamber was only 100cc. Again the higher 
(fibre) densities were found in the outer parts of the logs. The significance of these findings in 
relation to those of the higher density variations is of considerable interest but is beyond the 
remit of the present worL 
7.4.2 Experimental determination of embedment strength 
To establish the embedment strength of the small roundwood it was necessary to develop a 
new test method since current techniques would not be suitable without cutting the log into 
smaller sample sizes, thus negating the principal of testing the log in its entirety. Four tests 
were carried out to measure the embedment strength of the small roundwood and these are 
described in Chapter 5. Three of the tests were based on the European test apparatus to 
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measure the embedment strength with the fourth test being carried out in accordance with the 
American method of testing. 
The first test to be performed (17M 1) was the test on the complete log, and dowel diameters of 
16 and 20min were used for the test. The log was cut using the end distances prescribed in the 
British Standard (BS EN 383 : 1995) and an additional hole was drilled down the centre of the 
log to allow the centre rod to be screwed into the dowel. It was the aim of the test to keep the 
distance between the loading points to less than four diameters (4d) since this is the maximum 
dimension given in the code in order to avoid bending cffects in the dowel. All the tests were 
carried out within this maximum width, and in every test strain readings on the surface of the 
dowel were recorded to monitor any dowel bending between the loading points. For the 
l6min tests permanent deformation was found in the dowels. Bending in the dowel meant that 
the stresses along the length of the dowel were not uniform. 
The second method was the American test (TM2) where the log was cut in half along the line 
of the dowel, again the end distance Prescribed in the code (BS EN 383 : 1995) was used. 
Since the dowel is loaded directly by the platen of the test rig there is no possibility of 
bending in it, and therefore a uniform bearing stress was applied to the timber. The mode of 
failure, in all of the test samples, was from a split which developed directly below the dowel 
over the full sample width if further load was applied. The sample eventually split in half 
along the line of the dowel. This mode of failure was not characteristic of the other three tests, 
namely TM 1, TM3, and TM4, where there was fibre continuity around the dowel. For these 
tests the mode of failure was charactcrised by a column of crushed fibres below the line of the 
dowel, and the width of this column was always less than that of the dowel. 
For the third and fourth methods (TM3 and TM4) it was intended to carry out the tests in 
accordance with the code requirements (BS EN 383 : 1993), where the aim of this European 
test is to avoid bending in the dowel. Since in test TMI the dowel did bend between the 
loading points and it was thus decided to see whether bending occurred within the dowel over 
sample widths of 2d and 4d. In both instances there were strain readings on the surface of the 
dowel indicating that the dowel was bending under load. The dowel for the 2d test showed 
lower strain readings than the 4d test and returned to a linear state after the load was removed. 
For the 4d test the dowel went into a plastic state with permanent deformation being found in 
the dowel after each test. Both of these tests demonstrated that bending occurred in the dowel, 
indicating that a uniform bearing stress was not obtained across the log, and therefore the true 
principle of the embedment test was not achieved. 
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The principle of the embedment test given in the British Standard (BS EN 383 : 1993) is to 
avoid bending in the dowel whilst load is applied to the fastener. From the test results 
established during this programme of work- it is clear that bending occurred in the dowel 
whilst the load was applied. Although the code (BS EN 383 : 1993) shows the fastener to be 
fitted within the metal loading frame there is no mention with regard to the level of fixity 
required for the fastener, yet this will contribute significantly in restraining the fastener in 
terms of minimising its deflection during loading. Rodd (1982) discusses the need for using 
split bushes in a protoype apparatus where tests were performed on sawn timber and board 
materials. He explains that initially fasteners were placed in drill holes that were drilled to the 
nearest ovcr-size drill diameter, but preliminary tests show there was unacceptable movement 
by the fastener in the holes of the side plates. Rodd goes on to explain that to minimise the 
elastic deformation in the fastener, the thickness of the test specimens was also limited for the 
solid wood pieces. He found that twice the fastener diameter was satisfactory. The degree of 
end fixity is, therefore, of paramount importance in minimising the bending in the dowel. For 
the experiments carried out in this investigation the 'V' notch in the side loading plates would 
have provided limited fixity in comparison to the collets suggested by Rodd. Accepting the 
importance of this cnd fixity the tests over the 2d and 4d show high strain readings which 
cannot completely be attributed to the reduced level of end fixity. Pope and Hilson (1995) also 
suspected that bending in the dowel occurred during their investigation into a study of the 
comparison between the European and American embedment tests. The effect of bending in 
the dowel will result in a non-uniform bearing stress across the log. The implications of this 
are difficult to determine experimentally, however, numerical interpretation, using FEA, 
offers an acceptable method to investigate this effect (see section 7.4.3). 
The determination of a timber's true embedment strength is realistically unattainable due to 
the variation within the timber of parameters such as density. There is also the possibility of 
variability along the length of the timber. However, whilst acknowledging this, a simple 
straightforward method has to be accepted by which to establish the embedment strength. 
Current practice in Europe is to use the procedure detailed in BS EN 383 : 1993, although 
with this method the width of the sample is restricted. The alternative approach is to use the 
American method described in ASTM D 5764 (1997) but for this method the sample is cut 
along the line of the dowel removing the wood fibre continuity around the hole. In contrast, 
this method potentially has no restriction on the width of sample that can be tested, although 
its mode of failure was different to that developed by using BS EN 3 83 : 1993. The sample in 
the American test would split directly below the line of the dowel. Neither test offers a perfect 
solution to the measurement of the embedment strength of small roundwood, particularly, 
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when there is a density variation across the log which will influence the bearing stress of the 
fastener. In order to establish the significance of the density variation, a numerical analysis 
was carried out using the finite element analysis (FEA) technique. This allowed the density 
variation to be simulated and the resultant bearing stresses to be obtained. 
7.4.3 Finite element analysis 
Finite element analysis (FEA) is now an accepted numerical tool for modelling many 
different engineering conditions. It is widely used to simulate timber engineering problems 
involving 2 and 3 dimensional modelling. Three dimensional FE models were developed for 
three experimental strength tests (TMI, TM2, TM3) thus allowing a correlation with the 
experimental results from the three techniques. Each model was constructed with the facility 
to input the density distributions that had been established from the experimental tests, but it 
was also possible to input one density for the whole sample, if desired. To represent the 
density, the compliance forms of Hooke's law were used to denote the timber's orthotropic 
characteristics; this has been used successfully by previous timber researchers. Establishing a 
relationship between the density and the six stress parameters only required the determination 
of the timber's longitudinal elastic modulus and density, since this would allow the five 
remaining parameters to be calculated using the regression equations: developed by American 
researchers (Bodig and Goodman, 1973). The three Poisson's ratios remained constant as the 
variation in these parameters showed negligible difference for a series of trial tests with 
samples of varying density. For the determination of the modulus of elasticity for the 
longitudinal fibres, described in section 5.5.2, a good correlation between the limit of 
proportionality and density was found for the Scots pine material whilst the sitka spruce 
specimens did not demonstrate a strong correlation. The sitka spruce material was found to 
contain small knots where several failures occurred. 
The results from the numerical analysis for all three strength tests (TM 1, TM2, TM3) showed 
a reasonable correlation with the experimental results for the load-displacement graphs. In the 
case of the TM I analysis the numerical model tended to show a stiffer load-displacement 
relationship than the experimental analysis, the two other tests (TM2 and TM3) showed 
similar trends. When the failure stress on the TMI numerical model had been reached, the 
load carrying capacity showed a noticeable reduction whilst the experimental model was still 
able to sustain the applied maximum load. A similar characteristic was observed for the TM3 
test. For the American test (TM2) the situation was different; both the experimental and 
numerical models exhibited a reduction in load when the ultimate stress had been reached. 
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To explain this difference it is necessary to investigate the mode of failure for the two 
methods. When the load was applied to the dowel in the experimental and numerical analysis 
the contact area between the dowel and the timber increased, resulting in added bearing 
resistance. As the ultimate shear stress was reached in the three experimental tests, shear 
failure developed between the longitudinal fibres and in the tests TM I and TM3 a column of 
crushed fibres formed below the dowel. In the TM2 test a different mode of failure was 
evidentý because after the initial crushing of the fibres, the log was seen to 'split' along the 
line of the dowel, and thereafter it was unable to maintain any further load. In the numerical 
analysis the contact area increased as the load increased and at the ultimate shear stress the 
elements did not detach, however, they did continue to deform and in addition some of the 
dowel elements slipped over the wood elements after the frictional resistance has been 
exceeded. 
Examination of the mode of failure, in the experimental samples, indicated that the timber had 
failed due to a combination of buckling of the longitudinal fibres, and shear failure between 
the longitudinal fibres, but this latter failure mechanism was not fully represented in the 
numerical model. Both of these failure mechanisms could possibly be represented by the use 
of fracture mechanics and the crack propagation facility in ABAQUS. The latter technique 
would introduce the crack propagation function into the analysis, however, trial investigations 
would have been required to establish the optimum number of elements that would need to be 
introduced, but it was decided to leave this for further investigation. As noted before in the 
experimental tests (Chapter 5), the mode of failure was a column of crushed fibres which 
developed under the dowel and was characterised by two significant shear failures in the 
longitudinal fibres located on either side of the crushed fibre column. This failure mechanism 
could be represented in the FEA by the propagation of two cracks located on either side of the 
dowel. Information would be needed for the critical stress at which cracking would occur, 
(which could be determined experimentally), since this stress would be needed to initiate the 
fracture mechanism after which debonding would take place. Previous investigators have 
successfully used fracture mechanics in bolted connections loaded perpendicular to the grain, 
and for predicting failure in timber with knots and cross grain (Smith and Hu, 1994; 
Zandbergs and Smith, 1988). The techniques noted above arc suggestions and would form 
part of the next stage of an invcstigation for developing the failure criterion of the timber. 
By inspecting the stresses in the elements below the dowel, in the directions of the three axes 
(x, y, z) it is possible to estimate the stress levels and to determine whether they are reaching 
the failure stress for the von Mises and Hill condition. Figure 7.5 shows the stresses in the 
direction of the three axes for an element, directly below the dowel, for the TM3 model. 
Z4 Embedmentstmngth ofsmall roundwood 222 
Using the stress ratios, established by Hill, it is clear that the stresses in all three directions 
have exceeded the yield stresses. In the x and y directions the ultimate stresses are 
significantly lower than the stresses in the z direction as would be expected. From these 
results it appears that the Von Mises and Hill condition provide an acceptable failure criterion 
suited to modelling the complete failure mechanism of timber. However, as noted before, 
these failure criterion were derived for metals and do not represent the true shear failure 
between the fibres as demonstrated between the longitudinal fibres. In addition, a theoretical 
analysis carried out by Hascbe and Usuk-i (1989) suggests that the Tsai-Wu theory is suitable 
for representing timbcr, and might therefore be more suitable for use in future invesfigaflon. 
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Figure7.5 Stresses in x, y, z directions for element directly below the dowel 
Accepting that the current investigation does not fidly model the mode of failure for the 
timber, it is possible to use the initial stages of the analysis (up to maNimurn load) to establish 
the influence of the density variation on the embedment strength. By comparing the 
experimental and numerical analysis results, good correlations were found between the two 
sets of data. Furthermore, comparing the embedment formula, given in EC5 (1994), with 
these data a reasonable degree of correlation was also noticed, although the formula used the 
whole sample density. In all three comparisons no account has been taken of the density 
profile across the log. However, from an examination of the numerical analysis data, for a 
model with varying density, it can be shown that the difference in stresses between the lower 
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density timber (middle section) and the higher density wood (outer section) was as much as 
33%. 
With the exception of the American test (TM2) all the dowels exhibited bending which results 
in an increase in the bearing stress in the timber, particularly in the area of high displacement. 
To determine the effect of bending experimentally would be very difficult, although with FEA 
it is possible to establish this cffect by different model configurations. To determine the 
influence of bending two models were analysed. The first model represented the actual test 
arrangement, whilst in the second model, the dowel was loaded with a uniformly distributed 
load to avoid the dowel bending. Stresses were examined for the inner elements since these 
would be subjected to the maximum dowel deflection. A comparison of the stresses in the 
elements showed that there was an 8% increase in the case where the dowel was bending. 
This is probably due to these elements being subjected to additional loading at the element 
edge. - 
The investigation into the embedment strength of small roundwood has shown that the 
density variation can be as much as 32% across the log, with the typical dished shaped profile; 
the higher density values were found towards the outer portions of the log. Four different 
types of tests were carried out three tests were based on the European method and the fourth 
was based on the American method; a different failure mechanism for the timber was found 
between the two methods. In the European tests the dowels all deformed in bending when die 
load was applied to the samples. It was apparent that the degree of fixity of the fastener ends 
plays a significant part in limiting the deformation, although this is not clearly stated in the 
respective British Standard (BS EN 383 : 1993). By undertaking a numerical analysis, it has 
been possible to investigate the influence of the density variation on the embedment strength; 
this could only have been possible by cutting the experimental log into segments. The 
numerical results show that the density variation can influence the embedment strength and it 
is, therefore, important that consideration should be given to this in small roundwood joint 
design. 
7.5 Design considerations 
7.5.1 Mechanical properties 
It is important in structural engineering for the engineer to possess a suitable level of design 
information, whether this is contained in a British Standard or in a design guidclinc. 
Currently, because of a lack of design information and details on small diameter round timber, 
engineers substitute the sawn timber strengths for the small roundwood's strength. The work 
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caff icd out in this invcstigation will, dicrcforc, providc uscful and important information for 
the advanccmcnt of small roundwood, and it will also licip in cstablishing t1iis matcrial as a 
structural partner to its sister forni the sawn scction. 
The bending strength of timber could be considered to be one of die most utiliscd mechanical 
properties in timber engineering design. In die case of die small roundwood this characteristic 
(fm) is very high in comparison to a sawn section, owing to the continuity of the log's 
longitudinal fibrcs, whereas with sawn timber these fibres are severed by die sawing process. 
By providing information on the strength quality, designers will have die opportunity to make 
their designs more cflicicnt. flowcvcr, consideration will need to be given to the buildability 
and case of use with this timber form. The timber is generally charactcriscd with one split dint 
may run the full lcngdi of the log. The split, although not detrimental to the strength, can be 
visually disturbing. Also fixing to the timber in this zone can be problematic due to the loss of 
wood fibre in which to locate die fastener. Depending on die surface finish of die log, thought 
should be given to die log's appearance, since debarking can leave the surracc with a rustic 
finish and this may cause problems with surface roughness, especially if people conic into 
contact with the surface, such as in public places. The designer also needs to bear in mind that 
the logs taper. If the roundwood is to be used as load bearing mcm bcrs, ror example, to form a 
decking, then packing may be required to create a level surface. 
It was noted in Chapter 4 that specifying the grade of die timber for die bending and 
compression strengths, in accordance widi the strength classes of BS EN 338: 1995, would 
result in the lower grade being specified. This would mean that the higher bending strength or 
the small roundwood was being sacrificed because of die lower strength of die timber in 
compression. Specifying timber in this manncr ensures that dic timber is suitable for die 
strength class for which it has bccn specified, for all its mechanical properties. However, in 
this instance die designer would be losing die benefit of die higher bending strength. For 
engineering design the engineer should design a structure that is sarc and capable orrcsisting 
the worst loading conditions. In the case of die compression members the buckling resistance 
of the timber is likely to be a key factor in die design making this property more important 
than the compression strength. At this stage die small roundwood should be specified in 
accordance with the code (BS EN 338 : 1995) since this will avoid misinterpretation or 
strength values. However, it would be possible to provide a multiplication factor that could be 
applied to the bending strength class in order to take advantage of this strength quality, 
although the actual value of the multiplication factor itself could only be defined by further 
investigation. 
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7.5.2 Joint design 
7.5.2.1 Effect of density variation on connection load carrying capacity 
It was mentioned in section 7.4 that Johansen (1949) had developed cquations to predict 010 
ultimate strength of a dowel joint. The equations have now been advanced to covcr di ffcrcnt 
joint configurations, although they arc primarily for sawn timber and board materials. The 
equations form part of the European code for timber design (EC5,1994). One of the 
parameters used for the joint design is the density of die timber, but no account is taken of a 
density variation, since the density for sawn timber is considered to show ncglible variation. 
However for small roundwood, the density varicd by as much as 32% in die cuffcnt test 
programme. This variation can, therefore, affect die load carrying capacity of a joint using 
small diameter timber. From the different configurations noted in EC5 (1994) there are three 
joints that could be considered to be influenced greatly by die varying density, and these havc 
been shown in Figure 7.4. The explanation for this is due to the ccntrc plate bcing located in 
die middle zone of the log where the density is lowest. It was decided to analyse two or die 
joints, in which the densities across the section varied, using die Johanscn equations. To 
simplify the analysis, two densitics were used across the log in three equally spaced zones 
with the lowest density being in the middle. The failure mechanism for joint 6.2.2g (Figure 
7.4) was considered unrealistic due to the size of fastener that would be used for small 
roundwood, and therefore the analysis was not considered further. 
To analysis the joint (shown in Figure 7.4) it is important to establish die amount of bcaring 
resistance the lower density material contributes to die load carrying capacity, although this is 
exceptionally difficult to achieve. It is, however, possible to consider flic two cxtrcliic 
conditions which arc: 
1. the two densities both contribute to the bcaring rcsistancc; and 
2. only the outer (higher) density offers bearing resistance. 
To compare these two conditions the joint was first analysed for a uniforrn density since this 
is how a designer would be expected to analysc this type of joint based on current Umber 
engineering practice. In the case of Ole joint 6.2.2c (stiff linear fastener) condition I was 
found to show only a 2% loss in the joint load carrying capacity ovcr that of a unirorm 
density, while for condition 2 there was a 26% reduction. For the joint 6.2.2 r, where a plastic 
hinge developed in the fastener, a 10% reduction and a 45% reduction in load capacity was 
found for conditions I and 2. From these results it is clear that using Ole code cquations (EC5, 
1994) ovcr-cstimatcs the joint's capacity to carry load, and for type 6.2.2f the loss is 
significant. It is appreciated that for both joints the load capacity will lic somewhere between 
the extremes. However, a full examination of this would be outside the rcmit of this 
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programme of work. One aspect that would form an important part of a future study into this 
work would be the rate of density change across the log and whether this was a linear or non 
linear profile. Once this had been decided, Ole analysis could be cafficd out using rinite 
elements. 
7.5.2.2 General considerations 
Timber connections arc an important aspect of timber design, and because die structural use 
of small roundwood is currently new to die designer, more diought will need to be given to 
connection design. Widi the pending introduction of die European code (ECS, 1994) and die 
recent introduction of die revised British Standard (BS 5268,1996) 010 designer has been 
given the flexibility to design diffcrcntjoint configurations using the code forniulac included 
in these documents. However, for the small roundwood die designer must bear in mind the 
curved surface. For example, bolted connections will require countersinking to ensure Ali 
even bearing for die washer, or the use of flat topped washas widi a concave underside may 
be die alternative. In bodi instances, Olis will require additional preparation. SirnilarlY for 
drilling, more care will be needed in aligning die drill holes since die curved surface could 
cause difficulty in restraining the log whilst drilling. 
It was a log characteristic in the current programme of work to have knot whorls at regular 
intervals along the logs' lengths. In addition, the sitka spruce often had smaller knots 
sporadically spaced between these main whorls. These points will need to be borne in mind 
by the designer when considering die location of the fastener. The later will need to be 
situated in clcarwood to ensure that a good bearing surface is achieved. In addition, die 
fasteners will need to be located so that they avoid the split in die log. 
The experimental work described in Chapter 5 showed that die density prorilc varied across 
the log where the lower density was located in die ccntre of die log with die density increasing 
towards the outcr edges. Depending on the type ofjoint, die density variation could affect die 
joint's load carrying capacity, especially forjoints where a ccntrc plate is flitclicd into the log. 
The characteristic mode of failure for this type of joint is for a plastic hinge to dcvclop in tile 
dowcl in the ccntrc of the plate. Howevcr, the bearing resistance of die timber will be lowcr 
than for the outer section of the log 
The points noted above arc only some of the design considerations dint will need to be bomc 
in mind by the designer. Further design properties would require additional research, and until 
this work is perronned the designer will need to draw guidance from the cuffcnt codes oil 
sawn timber. 
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Chapter 8 
Conclusion 
8.1 Introduction 
Timber is one of die earth's natural resources and is generally in good, if not abundant, supply 
for man's utilisation. Nature has decided that die best way for flic tree to evolve is for it to 
grow in the round form, whilst man in contrast, uses the non-round form for most structural 
applications. Forming part of die forest management cycle, thinnings arc extracted from die 
forest in order to let the remaining trees grow, since these trees arc generally of better quality 
and will be allowed to grow for use as sawn fimbcr. These thinnings arc currently rcgudcd as 
low quality timber and, therefore, arc largely consumed by die paper and pulp industry, whose 
only interest is in the wood fibre. Othcnvisc the timber is used for fencing or landscaping. The 
work undertaken in this investigation has looked at some of die structural attributes of die 
small roundwood with the aim of advancing die material's utilisation as load bearing 
components of a structure. Accomplishing this goal will require a significant amount of 
further research, but this study has set out to achieve certain objccfivcs in order to lay die 
basis of the small round form's future development as a structural material. These arc 
summariscd in Table 1.1 on page 11. It is argued by die author that these objectives have 
largely been met, but the findings have cmpliasiscd die limitations of die knowledge 
available, and highlighted the areas in which further research is needed to develop and 
advance the future use of small roundwood. 
A review of the current literature was carried out in Chaptcr 2 and it was clear from flic 
findings that the work on the small round timber has been very limited. Previous investigators 
had carried out little research on the mechanical strength properties of die timber, and Ole 
work on the jointing had focused on 'one-off' type joints. From these findings it was obvious 
that a significant step, in order to develop this material, was to establish design information 
that was in a format which was compatible with existing codes, since this would give the 
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designer flexibility, and confidence in the design. To assist in die investigation die work on 
large round timber, and selective work on sawn timber, were also studied and reviewed since 
the previous research on these forms was considerable in comparison to that on the small 
diameter roundwood. These works provided useful information on which to base some of die 
experimental and numerical work described in this thesis. A review of die literature on die 
main areas of ufilisation for the small round form, in Europe, was round to be in rural and 
agricultural situations. It was concluded that for die attributes of die small diameter 
roundwood to be rcaliscd it would require the promotion and marketing of structures, in order 
to highlight the benefits of small diameter roundwood. 
Two of the main areas in timber design arc die mechanical properties and jointing, it was, 
therefore, decided that these were the key aspects that should be examined for this 
investigation. For the mechanical properties die bending and compression strengths were 
explored in order io establish strength gradcs, and this was achieved through a programme of 
testing and a statistical analysis; this is described in Chapters 3 and 4. The second area was 
the determination of the small roundwood's embedment strength because this is one of die 
key parameters in joint design but no work had previously been carried out on this property. 
To study this parameter experimental tests and numerical (finite element) analyses were 
undertaken to establish the cffect this could have on small diameter round timber joints, this 
work is detailed in Chapters 5 and 6. 
The aim of this chapter, therefore, is initially to summarise die conclusions that can be dra%vn 
from the results of the work described in this fliesis which constitutes Chapter 7. Firstly, 
however, the environmental significance of using small roundwood will be summatised, 
8.2 Environmental significance 
During the design stages of a construction project die engineer has to make a dccision oil ale 
choice of material to be used for Ole structural members, and it is only in recent ycars that one 
of the fundamental questions behind this decision has become that or die environmental 
qualities of die material. From this view point timber is ideally placed: it is a natural resource, 
it is sustainable, and acts as a good carbon store. In the specific case of small roundwood Ole 
material also forms part of the natural forest management process, and requires less 
preparation than sawn timber. It is highly probable that in die future, die cnvironmciital 
attributes of a material will become increasingly important and this will be anothcr good 
reason for small diameter round timber to be used as a structural material. 
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8.3 The contribution of this thesis 
The thesis represents one of the first attempts to discuss the use of small diamctcr roundwood 
as a structural material in a synoptic way. It considers die whole cycle of die material from its 
origin in the first instance, through to its technical evaluation to its utilisation in thc market 
place, but with particular emphasis on the technical aspects. 
While the directly relevant literature is small, Chapter 2 reviews what is available, together 
with a selective critical appraisal or die literature on sawn timber which may be rclcvant to 
work on small diameter roundwood. As such it rcprcscnts a useful compilation for future 
workers conccmed with small diameter roundwood. 
In rclation to measurement of die strength charactcristics of die timber which constitutes 
Chapter 3, innovations arc described in terms of die test rigs used, which then permit tests to 
be performed in a way which follows existing standards for sawn timber. The set of 
measurements of the bending and compression strengths of 100 samples for each of die two 
species in this study represents a valuable contribution to flic literature in its own right and has 
permitted strength grades to be identified for thc species tested (Table 7.2). 1 lowcvcr the value 
of this set of measurements is enhanced by complimentary measurements on the same timbers 
of the comprchcnsivc sct of addidonal paramctcrs. 
The statistical analysis of Chapter four which utilise die test data of Chapter 3 has two main 
elements. While the first of these is ostensibly to assess die normality of die distributions or 
die timber strengths actually measured, in doing this they provide cvidcncc dint moisture 
correction in EN 384 (1995) for sawn timber may, to die first approximation, at least also be 
valid for small roundwood. 
Ile second element of the statistical analysis is die correlation of flic measurements of die 
bending and compression strengths with the other parameters measured. Evidence is 
presented to show not only that in gcncralf. and Eý, arc related, as arcfo,,, and E00, but also 
that the strength parameters depend on die density. While these relations mirror those dint are 
well known for sawn timber, this appears to be the first time that they have been validated for 
small roundwood. 
Furthermore the correlation in the fonn of a multiple regression analysis has pcmiittcd die 
proposal of a complete set of four regression equations for die strengfli parameters or Scots 
pine and one for the sitk-a spruce (Table 7.3). The fact that only one equation has been 
proposed for the spruce is due to the very low values of the correlation cocfficicnts associated 
widi the other 3 equations that were actually calculated. 
&3 The contilbution ofthis thesis 230 
Thirdly there appears to be some lack of unanimity at an international level as to whether or 
not the bending strength of sawn timber should be die subject of a correction for the depth of 
the timber. The European idea is that a depth correction is appropriate, and it is defined in BS 
EN 3 84 : 1995. The measurements in the present work give die first cvidcncc that die bending 
strength of small roundwood does depend on tile diameter of die timber. Appropriate 
equations for this dependence arc given for each of die species in section 7.3.4. 
Fourthly, in addition to the identification of strength grades for die small roundwood, die 
measurement data have been used to investigate die establishment of strength classes. This 
appears to be the first work of its type, and suggests fliat for small roundwood die strciigdi 
classes arc best defined for a particular species in contrast to die approach used for sawn 
timber. 
Finally the potential relationship bctAvccn compression strcngdi and bending strcngdt for 
small roundwood can be considered for dic first time (section 7.3.5 on page 214). It is shown 
that while Glos's equations for sawn timber fits the data for die Scots pine sample quite well it 
does not for the sitk-a spruce. 
Apart from some work done on laccdJoints by the Dutch partners in the European project 
from which the present work evolved, the work reported here in Chapter 5 on the 
experimental testing of the embedment strength of dowcl joints in small roundwood is the 
first of its kind to have been reported. In fact it contains a number of novel and interesting 
features, and these arc noted in the following paragraphs. 
Given that the density of small roundwood has (as for sawn timber) been shown to correlate 
strongly with bending and compression strength, it was thought that density would be an 
important factor in the embedment strength of die small roundwood. The finding (section 
5.3.3 on page 100) (based on results from three different measurement methods) that density 
of small roundwood varies across the log is potentially of vital importance in die proper 
execution and interpretation of embedment strength tests for this material, and thus in joint 
design. It was also found - apparently for the first time - dint die density or die wood ribrcs 
dicmsclvcs vary across the log. While this has considerable interest for wood scientists it lics 
outside the main thrust of the present work. 
The actual techniques used to measure embedment strengdi include several new features. In 
TMI (based on BS EN 383 : 1993 - section 5.4.3 on page 122) the dowel had a supporting 
ccntrc rod to minimisc the length of the dowel without support. In tests TM 1, TM3 and TM4 
strain gauges were attached to the dowels. It appears that this relatively simple approach has 
not yet been attempted even in testing sawn timbers. The benefit in the present work was dint 
8.3 The contribution of thly thesis 231 
it provided clear evidence that the dowels were not in fact rigid, but deformed under loads 
applied. Another novel factor was the attachment of strain gauges to the side plates (in all the 
tests) which permitted the proportion of vertical loading bome by the plates to be established. 
The existence of the density variation across the log suggested that a full understanding of the 
process involved during the embedment strength tests could only be achieved by numerical 
modelling. The Finite Element Analysis (FEA) of Chapter 6 appears to be the first attempt to 
model dowel joints with a varying timber density. Apart from the density measurements, the 
data from the side plate strain gauges in the tests were vital inputs to the model. Although 
time did not permit the fidl development of the models to which failure mechanisms were 
included, the results obtained agreed well with those from the experiments. More importantly 
they confirmed the importance of the role played by the varying density in the overall value of 
the embedment strength. 
The final contribution of the thesis may be seen in the extraction of specific information 
relevant for design considerations (in section 7.5 on page 224). 
Overall it is seen clearly from this work that the procedures and methods established for 
testing of sawn timber and using the results in design cannot be assumed to be valid for small 
roundwood. There are some similarities, but much work still needs to be done before the 
information available for small roundwood reaches the same status as that for sawn timber at 
the present time. Some of the key areas for future work are outlined in the next section. 
8.4 Recommendations for further investigations 
" to carry out additional strength testing of Scots pine (pinus sylvestiIs) and sitka spruce 
(picea sitchensis) small diameter roundwood felled from different forests across the 
United Kingdom in order to investigate the degree of variability between stands 
" to extend the strength testing to other commercial softwood and hardwood thinnings 
with the aim of determining their strength characteristics, and subsequently grade 
categories 
" to study the most influential method of specifying knot properties for grading of small 
roundwood with the objective of deriving grading standards for this timber form 
" to examine the relationship between diameter and bending strength where a reduction 
in diameter results in an increase in bending strength 
" to perform a detailed investigation on the level of fixity required to the fastener ends, 
for establishing embedment strength, in order to negate bending in the fastener whilst 
underload 
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0 to establish the optimum number of elements for contact conditions in a wood to 
fastener simulation 
" to develop a failure criterion suitable for modelling timber connections 
" to evaluate the critical stress parameters for a crack propagation analysis to be used in 
a fastener-wood contact simulation 
" to develop the non-linear analysis for a fastener-dowel contact simulation 
8.5 Postscript 
While there is still much to do hopefully during the next decade small diameter round timber 
will take its rightful place alongside sawn timber as a structural material. 
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AppendixA 
Sitka spruce bending material (samples I to 50) 
Density 
at test 
kg/m3 
Density 
EN394 
kg/m3 
Taper 
mm/M 
Moisture 
Content 
% 
MOR 
at 12% 
kNIma? 
MOE 
at 12% 
W/mmý 
Cire 
nun 
Failure 
diameter 
mm 
Knot 
sum 
mm 
Max 
knot 
nun 
Ring 
width 
mm 
Age 
yrs 
517 504 2.5 17.11 793 20.2 374 119 81 20 3.9 15 
476 464 3.3 16.98 60.1 13.1 415 132 104 25 3.6 17 
490 480 0.7 16.10 72.0 18.8 379 121 32 20 3.0 22 
458 448 2.8 16.22 58.9 13.3 430 137 65 18 2.8 24 
486 475 3.5 16.65 64.5 13.6 377 120 88 16 3.8 15 
495 483 1.2 16.65 71A 16.9 402 128 58 14 2.5 27 
486 474 2.8 16.71 48.1 13.4 424 135 114 19 5.5 13 
554 539 2.5 17.55 62.6 10.4 371 118 80 29 4.0 21 
530 516 1.2 17.35 85.7 16.1 476 152 54 14 3.0 24 
437 426 3.2 16.65 58.4 11.2 360 115 34 10 3.4 15 
460 449 3.3 16.82 61.0 13.9 427 136 51 18 3.4 18 
499 487 2.5 16.54 63.9 13.4 374 119 44 24 4.7 13 
517 506 2.0 16.07 82.7 14.3 330 105 81 16 2.7 18 
417 408 2.5 16.41 55.5 12.5 410 131 80 24 3.8 17 
407 400 2.7 15.80 62.4 13.4 335 107 83 32 3.4 16 
434 425 3.5 16.14 49.6 12.1 346 110 63 18 4.2 14 
478 467 1.5 16.94 64.1 15.5 382 122 59 19 2.9 17 
508 496 2.3 16.84 69.5 13.2 394 126 81 29 3.0 22 
454 443 2.5 16.66 62.8 15.8 390 124 52 15 3.0 22 
491 480 5.8 16.21 82.4 17.8 379 121 118 30 3.8 16 
548 535 23 16.83 65.7 6.6 322 103 72 23 3.1 15 
478 469 5.3 15.66 59.3 9.8 302 96 61 21 3.9 13 
479 468 5.0 16.73 58.6 10.8 385 123 85 27 4.6 16 
475 464 2.0 16.40 58.6 11.0 401 128 61 18 2.7 23 
445 437 0.7 15.89 66.2 13.5 353 113 83 15 2.4 23 
502 490 2.3 16.76 67.0 14.1 401 128 86 20 2.7 24 
579 567 2.5 16.05 89.2 22.5 402 128 59 15 3.2 22 
546 536 2.8 15.83 46.0 8.4 350 112 78 17 2.8 23 
439 430 2.3 15.88 68.4 16.6 377 120 57 15 4.3 14 
464 454 2.2 16.37 54A 12.1 434 138 97 23 3.5 22 
502 493 4.7 15.59 78.2 15.8 357 114 87 25 4.0 16 
495 484 3.3 16.66 58.4 13.5 440 140 90 19 3.2 23 
444 435 3.8 15.71 49.4 10.8 413 132 91 20 4.5 15 
466 455 1.3 16.82 76.7 17.5 485 155 59 15 3.0 28 
443 433 3.7 16.56 513 10.9 416 133 93 22 4.4 16 
523 511 23 16.75 67.5 13.0 421 134 77 20 2.8 23 
520 509 23 15.98 65.5 13.3 388 124 68 16 2.6 24 
531 518 1.8 17.08 55.4 13A 390 124 124 21 3.3 19 
428 419 2.8 16.33 74.8 14.0 355 113 25 13 4.2 14 
539 526 4.7 16.85 63.0 13.3 369 118 110 24 4.7 15 
427 418 4.5 16.40 47.3 11.7 441 141 125 18 4.8 17 
465 456 1.7 16.17 57.6 13.7 353 113 61 21 3.1 18 
475 466 2.5 15.96 84.0 17.7 380 121 81 18 3.1 18 
445 436 33 16.01 45.3 10.2 430 137 96 26 7.0 10 
483 473 2.7 16.12 64.1 12.7 363 116 76 26 2.6 23 
434 425 3.5 16.06 55.5 11.1 440 140 112 20 5.0 16 
414 404 4.0 16.86 47.7 13.0 413 132 72 22 4.7 16 
480 471 5.8 15.94 48.7 11.1 346 110 116 21 3.3 16 
523 511 2.0 16.78 68.1 14.8 408 130 73 21 3.2 21 
423 414 7.0 16.13 46.6 9.6 368 117 146 34 5.8 10 
1556 545 3.5 15.90 71.6 10.9 357 114 161 20 3.8 16 
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Sitka spruce bending material (samples 51 to 100) 
Density 
attest 
kg/m3 
Density 
EN384 
kglmý 
Taper 
mm/M 
moisture 
Content 
% 
MOR 
at 12% 
W/mmý 
MOE 
at 12% 
kN/mmý 
Circ 
mm. 
Failure 
diameter 
mm 
Knot 
sum 
mm 
Max 
knot 
mm. 
Ring 
width 
mm 
Age 
yrs 
541 520 3.3 19.82 69.0 19.7 388 123 67 22 3.9 18 
627 599 2-3 20.94 79.4 38.5 410 130 70 16 2.9 20 
541 519 2.0 20.36 77.0 19.6 397 126 63 14 2.4 30 
562 539 5.0 20.30 50.9 11.8 399 127 16 8 4.7 18 
529 508 1.8 20.02 69.2 17.3 371 118 56 15 2.4 22 
523 502 3.5 20.20 64.0 15.3 402 128 107 21 3.5 20 
466 446 3.0 20.36 72.9 17.5 396 126 83 20 4.3 19 
516 493 3.8 20.68 68.0 14.4 422 134 75 17 3.2 19 
428 410 2.3 20.27 63.6 21.3 388 124 102 24 5.1 12 
513 492 3.7 20.20 64.6 21.1 384 122 44 19 3.5 17 
527 505 3.2 20.43 63.2 13.6 433 138 86 20 3.3 22 
552 529 4.2 20.34 85.5 26.6 362 115 32 9 2.3 24 
526 503 1.8 20.69 75.5 19.9 410 130 75 15 3.0 22 
533 510 4.5 20A0 47.7 15.7 375 119 68 18 2.7 22 
527 503 2.8 20.94 63.3 13.6 403 128 95 19 3.1 22 
550 529 3.3 19.72 63.8 19.4 377 120 51 20 3.8 16 
459 438 2.2 20.92 51.4 16.2 454 144 50 18 3.0 23 
510 488 2.7 20.64 73.2 14.0 428 136 53 13 4.8 17 
470 452 4.0 19.81 53.0 16.6 427 136 153 31 3.2 20 
466 447 3.2 20.26 643 15.6 417 133 69 22 4.3 15 
468 448 3.2 20.77 66.8 14.3 499 159 116 20 3.6 19 
540 499 1.5 27.29 74.7 22.1 422 134 108 24 4.7 18 
541 518 4.3 20.27 50.8 14.4 414 132 74 20 2.9 19 
558 534 2.0 20.62 72.8 23.6 383 122 64 17 2.5 23 
583 557 4.5 20.98 50.4 16.0 353 112 31 13 3.4 22 
474 455 3.7 20.18 63.3 15.5 385 123 96 25 4A 14 
450 430 2.3 20.78 52.5 22.5 404 128 60 14 4.3 19 
535 512 3.7 20.49 61.9 16.4 392 125 65 14 2.7 22 
531 506 3.2 21.10 63.1 23.9 449 143 100 23 3.6 19 
524 499 2.2 21.42 54.0 13.6 409 130 79 20 4.1 14 
469 450 1.3 20.24 61.7 12.9 417 133 62 17 4.8 17 
489 470 2.8 19.73 77.0 26.9 409 130 75 15 3.5 18 
525 502 2.7 20.65 59.9 39.3 479 153 56 22 3.3 27 
469 451 3.8 19.66 39.0 14.7 390 124 101 20 3.2 24 
499 479 0.0 19.96 61.7 9.6 409 130 58 15 3.3 19 
539 518 2.3 19.88 68.1 14.8 416 132 so 11 3.8 17 
437 419 5.2 19.97 47.8 18.7 422 134 66 13 6.8 11 
456 439 3.2 19.66 53.4 11.0 454 145 72 18 3.8 20 
507 487 4.8 19.94 63.9 15.3 385 123 127 22 3.9 16 
494 481 3.2 17.42 74.7 16.8 349 111 68 16 3.9 14 
493 473 4.5 19.88 73.6 25.3 428 136 59 18 3.5 21 
494 475 2.3 19.76 60.3 17.4 397 127 51 20 4.2 13 
465 447 3.2 19.80 67.2 19.1 381 121 111 21 3.3 20 
478 459 4.2 19.98 58.8 12.7 396 126 37 13 3.6 18 
488 469 5.8 19.75 63.8 12.1 400 127 64 15 3.2 14 
461 444 5.3 19.45 121.0 30.5 356 113 76 16 4.5 13 
519 499 4.3 19.65 83.8 14.7 270 86 52 13 2.0 22 
532 511 4.0 19.69 64.2 15.7 318 101 104 24 3.4 16 
1446 428 3.5 20.13 59.5 13.8 384 122 96 16 4.7 17 
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Sitka spruce compression material (samples I to 50) 
ensity Density Taper Moisture MOR MOE Cire Failure Knot Max Ring Age 
test EN384 Content at 12% at 12% diameter sum knot width 
VM3 kg/m3 mm/m. % kN/tnm, 2 kN/mrn2 mm nun mm nun mm yrs 
468 458 2.5 16.5 30.5 12.0 396 126 129 27 3.9 15 
478 469 3.3 15.9 27.0 10.6 388 123.5 77 23 3.6 17 
502 492 0.7 16.0 38.4 14.7 385 122.5 61 17 3.0 22 
456 447 2.8 16.3 26.9 11.5 416 132.5 15 6 2.8 24 
478 468 3.5 16.3 29.6 16.6 377 120 70 17 3.8 15 
538 515 1.2 20.9 25.8 15.6 427 136 110 23 2.5 27 
475 454 2.8 20.9 28.6 13.4 410 130.5 67 17 5.5 13 
485 477 2.5 15.5 33.2 11.2 413 131.5 82 19 4.0 21 
433 424 1.2 16.2 36.2 15.3 375 119.5 56 16 3.0 24 
412 403 3.2 16.6 23.1 8.3 426 135.5 53 14 3.4 15 
460 451 3.3 16.0 27.1 11.6 375 119.5 91 20 3.4 18 
517 505 2.5 16.8 33.6 14.4 437 139 49 25 4.7 13 
468 458 2.0 16.4 28.5 19.5 298 95 79 20 2.7 18 
439 428 2.5 16.7 27.1 11.6 451 143.5 73 24 3.8 17 
445 436 2.7 16.3 26.3 11.8 375 119.5 117 26 3.4 16 
443 435 3.5 15.8 23.6 8.8 349 111 0 0 4.2 14 
482 462 1.5 20A 24.9 12.0 382 121.5 73 15 2.9 17 
441 431 2.3 16.6 27.2 13.9 393 125 72 22 3.0 22 
454 445 2.5 15.7 31.0 13.0 363 115.5 7 7 3.0 22 
439 430 5.8 16.1 28.1 12.8 427 136 15 6 3.8 16 
557 544 2.3 16.7 20.5 213 380 121 0 0 3.1 15 
470 460 5.3 16.2 27.5 10.8 394 125.5 117 23 3.9 13 
475 464 5.0 16.6 28.4 11.2 419 133.5 84 27 4.6 16 
517 506 2.0 16.5 28.8 12.4 421 134 81 20 2.7 23 
478 468 0.7 16.2 31.4 11.9 382 121.5 60 16 2.4 23 
510 498 2.3 16.5 28.1 12.3 399 127 83 19 2.7 24 
523 511 2.5 16.8 32.1 15.5 368 117 62 12 3.2 22 
522 512 2.8 15.9 32.1 29.2 350 111.5 81 20 2.8 23 
527 515 2.3 16.7 30.9 10.4 391 124.5 86 27 4.3 14 
447 438 2.2 16.3 28.3 11.4 441 140.5 71 24 3.5 22 
490 480 4.7 16.3 24.9 12.6 388 123.5 92 24 4.0 16 
477 467 3.3 16.0 29.2 12.5 410 130.5 134 28 3.2 23 
456 446 3.8 16.3 30.1 11.8 423 134.5 96 21 4.5 15 
459 450 1.3 16.0 29.6 12.6 449 143 59 18 3.0 28 
457 447 3.7 16.2 29.9 11.7 385 122.5 72 20 4.4 16 
516 501 2.3 17.5 27.1 9.1 474 151 134 26 2.8 23 
457 448 2.3 16.0 31.9 12.4 368 117 40 11 2.6 24 
525 513 1.8 16.5 23.4 11.2 396 126 103 20 3.3 19 
426 418 2.8 15.9 27.9 10.6 372 118.5 81 22 4.2 14 
546 533 4.7 16.7 33.9 14.6 383 122 104 24 4.7 15 
444 435 4.5 16.4 21.7 8.3 413 131.5 62 13 4.8 17 
538 527 1.7 16.1 30.3 14.5 377 120 0 0 3.1 18 
532 521 2.5 16.1 25.9 6.6 415 132 38 11 3.1 18 
455 446 3.3 16.0 27.0 14.5 377 120 22 11 7.0 10 
506 494 2.7 16.7 26.1 9.4 394 125.5 88 18 2.6 23 
423 414 3.5 16A 28.5 11.6 443 141 0 0 5.0 16 
432 423 4.0 16.2 23.8 9.0 357 113.5 45 25 4.7 16 
466 457 5.8 16.1 18.7 4.8 358 114 51 14 3.3 16 
536 524 2.0 16.5 30.1 13.1 412 131 99 18 3.2 21 
428 420 7.0 15.9 20.7 9.2 363 115.5 52 13 5.8 10 
1535 524 3.5 16.3 28.8 9.6 386 123 20 10 3.8 16 
Appendkic A 250 
Sitka spruce compression material (samples 51 to 100) 
Density 
at test 
kg/m3 
Density 
EN394 
kghný 
Taper 
mm/m 
Moisture 
Content 
% 
MOR 
at 12% 
kNfmm2 
MOE 
at 12% 
kN/mm2 
Circ 
nim 
Failure 
diameter 
mm 
Knot 
sum 
mm 
Max 
knot 
nun 
Ring 
vvidth 
mm 
Age 
yrs 
550 539 3.3 16.1 39.7 16.4 369 117.5 51 14 3.9 18 
443 433 2.3 16.5 28.3 14.2 380 121 77 23 2.9 20 
555 543 2.0 16.4 33.0 18.2 408 130 48 13 2.4 30 
550 526 5.0 20.8 25.4 9.9 342 109 124 28 4.7 18 
547 524 1.8 20.5 30.5 17.2 396 126 71 18 2.4 22 
515 493 3.5 20.5 31.7 14.8 448 142.5 133 21 3.5 20 
467 447 3.0 20.5 27.7 12.0 435 138.5 63 20 4.3 19 
533 510 3.8 20.5 29.6 14.0 402 128 67 20 3.2 19 
455 436 2.3 20.5 25.4 12.7 429 136.5 74 23 5,1 12 
534 510 3.7 20.9 32.3 17.5 439 139.75 0 0 3.5 17 
519 506 3.2 16.9 32.3 11.6 451 143.5 59 16 3.3 22 
515 505 4.2 15.8 36.5 16.4 317 101 60 18 2.3 24 
555 532 1.8 20.5 30.7 16.2 441 140.25 0 0 3.0 22 
530 507 4.5 20.8 31.1 14.1 339 108 85 25 2.7 22 
522 511 2.8 16.5 30.6 12.1 375 119.5 62 17 3.1 22 
508 487 3.3 20.2 31.1 16.6 317 101 66 19 3.8 16 
468 448 2.2 20.7 27.5 12.6 404 128.5 59 18 3.0 23 
518 495 2.7 21.0 29.8 13.9 449 143 74 20 4.8 17 
458 439 4.0 20.4 25.6 10.1 456 145 74 21 3.2 20 
487 468 3.2 20.1 27.8 13.6 445 141.5 79 17 4.3 15 
503 492 3.2 16.7 28.2 10.5 435 138.5 87 20 3.6 19 
524 514 1.5 15.7 32.6 14.2 377 120 75 20 4.7 18 
550 539 4.3 16.2 30.0 12.5 360 114.5 92 24 2.9 19 
551 539 2.0 16.2 31.0 14.5 355 113 101 21 2.5 23 
542 528 4.5 17.0 20.9 6.8 338 107.5 70 27 3.4 22 
519 497 3.7 20.7 22.8 8.2 333 106 12 4 4.4 14 
423 415 2.3 15.9 30.2 12.2 399 127 52 18 4.3 19 
525 513 3.7 16.9 27.8 16.4 344 109.5 55 17 2.7 22 
429 419 3.2 16.4 29.1 11.3 410 130.5 94 22 3.6 19 
496 474 2.2 20.7 28.6 14.5 357 113.5 45 20 4.1 14 
492 482 1.3 16.1 29.0 15.3 412 131 78 18 4.8 17 
488 478 2.8 16.0 28.4 11.4 369 117.5 0 0 3.5 18 
502 490 2.7 17.0 28.3 10.1 478 152 116 18 3.3 27 
480 470 3.8 16.0 29.8 11.7 396 126 57 16 3.2 24 
515 502 0.0 17.0 36.6 14.8 416 132.5 77 14 3.3 19 
545 533 2.3 16.3 32.7 14.0 424 135 66 16 3.8 17 
438 427 5.2 16.9 26.0 11.6 386 123 57 19 6.8 11 
443 433 3.2 16.5 30.6 12.3 418 133 83 23 3.8 20 
504 491 4.8 17.0 28.0 13.1 402 128 45 16 3.9 16 
518 507 3.2 16.1 28.6 13.3 317 101 96 27 3.9 14 
459 450 4.5 15.9 29.6 12.6 368 117 77 22 3.5 21 
490 480 2.3 16.0 28.3 12.8 366 116.5 69 18 4.2 13 
457 437 3.2 20.7 27.5 18.8 324 103 32 20 3.3 20 
485 463 4.2 20.7 20.6 9.4 371 118 116 30 3.6 18 
478 468 5.8 16.3 26.2 9.3 371 118 89 16 3.2 14 
466 447 5.3 20.5 24.5 14.0 283 90 72 20 4.5 13 
489 468 4.3 20.6 26.6 16.3 234 74.5 88 17 2.0 22 
503 494 4.0 15.6 30.2 11.5 324 103 109 20 3.4 16 
1434 426 3.5 15.6 23.9 13.9 391 124.5 63 20 4.7 17 
Appendix A 251 
Scots pine bending material (samples I to 50) 
Density 
at test 
kg/m3 
Density 
EN384 
kglmý 
Taper 
mnilm 
Moisture 
Content 
% 
MOR 
at 12% 
kN/mm2 
MOE 
at 12% 
kN/mm2 
Circ 
mat 
Failure 
diameter 
mm 
Knot 
sum 
mm 
Max 
knot 
mm 
Ring 
vvidth 
mm 
Age 
yrs 
552 537 1.7 17.4 55.7 14.7 399 127 19 6 1.8 37 
526 512 4.0 17.2 52.0 11.6 361 115 63 37 2.0 28 
528 516 2.7 16.8 51.2 12.3 342 109 94 27 1.9 28 
555 530 3.5 21.0 53.1 20.1 413 131 0 0 2.0 38 
565 541 1.7 20.4 68.1 15.7 390 124 0 0 1.7 36 
524 502 3.5 20.5 48.9 12.6 402 128 79 28 22 30 
592 566 3.0 20.7 73.8 22.7 412 131 86 23 1.9 37 
574 549 3.0 20.9 63.4 17.6 419 133 93 28 2.1 36 
594 566 2.0 21.4 60.9 19.2 395 123 111 37 1.7 38 
571 545 2.8 21.0 90.7 23.6 377 120 78 22 2.1 34 
591 555 33 20.8 79.7 36.1 392 125 62 25 1.8 36 
574 549 3.5 20.6 67.7 21.5 403 128 47 15 2,6 30 
596 567 2.0 21.9 60.8 18.9 431 137 123 26 2.6 30 
544 522 3.5 20.2 59.8 24.9 403 128 48 17 1.9 30 
515 495 2.8 19.9 46.5 10.4 404 129 100 30 1.6 36 
529 507 3.5 20.6 60.4 12.9 412 131 77 21 1.7 33 
518 496 23 20.6 61.7 14.6 410 130 94 23 2.2 29 
517 495 3.8 20.5 68.5 20.0 388 124 82 28 1.9 31 
539 518 53 19.7 62.7 16.0 422 134 50 20 2.2 27 
490 471 3.8 19.9 46.8 11.1 398 127 46 18 2.7 25 
583 560 4.0 20.0 66.7 21.6 440 140 0 0 2.0 27 
587 563 3.8 20.4 65.4 18.1 427 136 119 38 1.6 41 
520 498 33 20.4 59.9 23.0 446 142 85 32 2A 36 
500 490 3.5 20.1 52.5 13.5 416 132 92 24 2.5 28 
564 540 32 20.5 70.6 17.6 395 126 0 0 1.5 44 
539 514 3-3 21.3 47.0 13.5 427 136 93 25 1.7 37 
609 581 42 21.3 87.8 31.0 408 130 0 0 32 
563 541 1.8 19.9 53.9 11.7 427 136 91 24 1.7 36 
559 535 3.2 20.6 65.2 23.9 442 141 103 29 2.3 33 
597 -, 571 1.5 20.5 66A 18.6 417 133 0 0 2.3 34 
514 493 3.8 20.0 52.8 12.5 400 127 121 33 1.8 41 
585 561 2.0 20.3 62.9 15.7 411 131 72 22 2.2 35 
530 508 23 20.5 66.5 14.9 416 133 79 21 1.7 38 
524 502 2.5 20.6 44.5 10.0 438 140 62 17 1.6 39 
543 517 1.7 21.6 67.1 18.2 436 139 79 21 2.8 32 
555 530 3.7 20.8 61.0 11.0 399 127 68 19 2.0 36 
666 637 0.8 20.6 72.7 10.6 430 137 7 7 1.8 43 
558 533 2.7 20.7 70.1 17.0 422 134 81 21 2A 27 
594 565 3.5 21.8 67.9 15.4 479 152 89 21 2.9 28 
592 564 22 21.3 69.8 19.5 419 133 80 25 1.7 37 
558 533 4.8 21.2 76.7 17.6 405 129 60 26 2.2 35 
509 485 3.8 21.2 50.7 11.4 404 129 78 29 2.5 24 
575 551 5.0 20.1 62.0 13.4 363 116 0 0 1.8 32 
524 500 3.5 21.2 52.0 10.0 434 138 87 29 2.2 32 
597 567 23 22.0 63.8 20.1 444 141 91 23 23 30 
475 455 2.7 20.3 66.8 13.1 385 123 132 30 2.7 23 
416 397 43 21.2 49.3 113 400 127 109 22 3.0 22 
444 426 1.0 20.2 66.3 15.4 333 106 0 0 2.8 22 
504 481 73 21.0 71.7 14.8 431 137 96 21 2.1 28 
[470 447_ 4.0 21.8 51.9 10.4 397 126 145 39 3.7 18 
AppendixA 252 
Scots pine bending material (sainples 51 to 100) 
Density 
at test 
kg/m3 
Density 
EN384 
kgIm3 
Taper 
mm/m 
Moisture 
Content 
% 
MOR 
at 12% 
2 kN/mm 
MOE 
at 12% 
2 kN/mM 
Circ 
mm 
Failure 
diameter 
mm 
Knot 
sum 
mm 
Max 
knot 
InIn 
Ring 
width 
mm 
Age 
yrs 
633 618 1.8 16.9 60.2 13.1 397 126.5 72 27 1.6 39 
603 586 3.7 17.7 44.5 9.6 421 134 88 26 1.9 33 
555 540 5.0 17.5 73.3 21.2 372 118.5 59 19 1.9 34 
554 539 2.2 17.4 51.2 12.1 358 114 119 22 1.6 28 
556 538 3.7 19.6 47.3 9.8 397 126.5 87 28 2.1 39 
560 544 1.2 17.6 46.0 9.7 360 114.5 92 33 1.6 34 
530 511 5.8 19.4 37.0 8.4 410 130.5 102 27 2.2 33 
562 541 2.2 19.3 57.3 12.4 424 135 81 30 2.0 36 
571 555 3.8 17.6 49.7 11.7 390 124 101 31 2.3 28 
558 542 33 17.7 51.7 13.9 371 118 95 23 2.1 28 
533 513 3.5 19.6 46.6 11.5 390 124 134 38 2.0 28 
487 474 23 17.4 45.1 73 382 121.5 69 28 1.8 40 
560 544 5.0 17.6 67.1 22.1 302 96 120 27 2.5 30 
579 560 1.5 18.6 60.3 15.8 413 131.5 83 17 1.9 35 
565 553 12 16.1 813 13.5 309 98.5 71 17 13 40 
587 572 13 17.1 72.9 15.7 357 113.5 84 24 1.8 31 
565 547 33 18.4 65.6 16.3 407 129.5 35 12 1.8 45 
567 546 4.7 19.4 41.8 8.8 386 123 113 24 2.4 29 
479 466 2.2 17.5 47.7 10.8 383 122 48 19 2.5 25 
583 566 1.8 17.7 64.6 15.7 372 118.5 77 22 2.0 31 
590 568 2.5 16.2 69.5 14.3 361 115 58 20 1.7 31 
531 513 3.8 18.7 46.8 10.9 426 135.5 73 21 23 31 
580 564 2.7 17.4 67.9 14.5 364 116 48 25 1.7 32 
559 548 1.8 16.2 70.5 16.8 366 116.5 94 21 1.8 31 
492 480 23 17.1 46.4 10.7 358 114 108 26 3.2 19 
536 519 33 18.3 60.6 14.2 437 139 77 27 1.7 40 
594 578 1.0 17.4 68.6 13.1 361 115 0 0 1.5 37 
498 488 5.7 16.3 40.8 7.1 413 131.5 62 22 2.9 23 
615 598 1.8 17.5 77.0 23.5 361 115 76 18 1.5 42 
520 504 3.7 18.4 48.5 11.6 405 129 83 29 1.8 33 
541 527 3.2 17.5 67.7 13.6 377 120 97 27 2.0 32 
545 527 2.8 18.4 58.9 13.0 402 128 86 18 2.1 36 
475 463 3.0 17.2 49.6 12.0 432 137.5 79 22 1.9 38 
560 545 2.8 17.2 51.7 10.7 355 113 0 0 1.6 38 
558 545 13 16.7 82.7 17.1 377 120 9 9 1.1 42 
589 577 3.8 16.0 71.1 13.6 335 106.5 54 14 1.1 46 
524 514 3.0 16.1 62.7 14.2 344 109.5 47 24 2.0 23 
644 631 2.2 16.3 71.0 13.1 357 113.7 0 0 1.8 37 
557 541 3.2 17.7 48.5 13.1 419 133 117 30 2.1 34 
588 576 1.5 16.3 76.4 20.4 386 123 80 26 1.9 29 
570 559 2.7 15.9 76.2 17.9 330 105 105 28 1.7 34 
528 517 4.5 16.3 43.5 9.5 388 123.5 82 29 2.1 33 
470 461 4.5 16.0 56.7 13.8 388 123.5 78 23 2.2 29 
547 533 2.5 17.2 65.8 12.0 379 120.5 117 28 1.7 33 
563 546 3.8 17.8 47.2 13.8 427 136 106 27 2.1 39 
536 522 6.2 17.2 40.5 9.5 446 142 120 35 2.7 26 
483 471 3.8 17.0 35.4 8.0 399 127 121 31 2.0 39 
506 493 1.8 17.0 63.5 13.4 383 122 0 0 1.8 39 
516 505 2.3 16.4 69.5 13.9 352 112 75 23 1.9 33 
1488 477 0.8 16.7 48.9 12.4 408 130 107 28 1.7 38 
Appendix A 253 
Scots pine compression material (samples I to 50) 
Density 
at test 
kg/m3 
Density 
EN384 
k g/M3 
Taper 
mnvm 
Moisture 
Content 
% 
MOR 
at 12% 
kN/mM2 
MOE 
at 12% 
kNImM2 
Cire 
mm 
Failure 
diameter 
mm 
Knot 
sum 
mIn 
Max 
knot 
InIn 
Ring 
width 
mm 
Age 
yrs 
628 612 1.8 17.0 33.8 15.7 400.6 127.5 117 28 1.6 39 
573 561 3.7 16.4 30.6 13.3 389.6 124 75 22 1.9 33 
564 553 5.0 15.8 32.0 12.1 375.4 119.5 76 20 1.9 34 
554 542 2.2 16.1 30.5 14.7 388.0 123.5 120 27 1.6 28 
553 540 3.7 16.6 31.5 12.1 428.8 136.5 113 25 2.1 39 
557 547 1.2 15.6 30.4 13.9 402.1 128 0 0 1.6 34 
515 504 5.8 16.2 27.4 9.3 435.1 138.5 166 32 2.2 33 
518 506 2.2 16.5 28.5 12.9 422.5 134.5 122 32 2.0 36 
576 563 3.8 16.6 28.3 12.3 391.1 124.5 0 0 2.3 28 
582 569 3.3 16.6 32.4 14.2 392.7 125 82 27 2.1 28 
506 495 3.5 16.4 31.1 11.1 397.4 126.5 36 14 2.0 28 
556 543 2.3 16.5 36.0 13.9 419.4 133.5 0 0 1.9 40 
548 534 5.0 17.1 31.6 14.6 476.0 151.5 103 25 2.5 30 
595 580 1.5 - 17.1 36.2 14.0 430.4 137 0 0 1.9 35 
610 598 1.2 15.9 45.3 18.8 322.0 102.5 0 0 1.3 40 
610 597 1.3 16.2 38.4 17.1 351.9 112 24 24 1.8 31 
524 512 3.3 16.3 35.7 13.5 386.4 123 63 22 1.8 45 
609 593 4.7 17.1 36.5 14.4 438.3 139.5 63 22 2.4 29 
501 491 2.2 15.9 29.3 11.4 421.0 134 87 27 2.5 25 
600 586 1.8 16.8 35.9 16.8 427.3 136 84 27 2.0 31 
643 630 2.5 15.9 31.9 16.7 402.1 128 73 23 1.7 31 
481 470 3.8 16.6 26.5 10.4 402.1 128 97 26 2.3 31 
592 580 2.7 16.0 33.0 15.7 405-3 129 113 33 1.7 32 
603 591 1.8 16.2 41.3 17.3 383.3 122 0 0 1.8 31 
516 506 2.3 15.7 24.5 10.0 427.3 136 116 37 3.2 19 
518 507 3.3 16.3 30.5 12.4 439.8 140 93 26 1.7 40 
648 631 1.0 17.5 41.1 15.3 391.1 124.5 22 22 1.5 37 
490 479 5.7 16.2 29.3 9.6 386.4 123 36 32 2.9 23 
660 647 1.8 16.0 32.7 18.1 356.6 113.5 0 0 1.5 42 
529 516 3.7 16.7 30.3 11.1 389.6 124 91 31 1.8 33 
583 568 3.2 17.0 27.1 13.6 414.7 132 47 28 2.0 32 
514 502 2.9 16.7 28.8 13.3 425.7 135.5 106 22 2.1 36 
509 499 3.0 16.0 32.8 7.9 457.9 145.75 0 0 1.9 38 
602 586 2.8 17.3 31.4 10.2 395.8 126 0 0 1.6 38 
567 556 1.3 15.7 34.2 13.6 377.0 120 so 19 1.1 42 
649 634 3.8 16.4 32.6 13.9 355.0 113 53 36 1.1 46 
535 525 3.0 15.7 32.1 13.0 375.4 119.5 72 26 2.0 23 
687 672 2.2 16.4 41.1 14.8 392.7 125 0 0 1.8 37 
516 507 3.2 15.4 30.6 10.9 394.3 125.5 88 22 2.1 34 
598 587 1.5 15.8 37.6 14.2 408.4 130 0 0 1.9 29 
617 605 2.7 15.8 39.0 14.1 372.3 118.5 0 0 1.7 34 
585 573 4.5 16.3 33.1 12.7 430.4 137 16 16 2.1 33 
512 499 4.5 17.1 32.5 14.4 424.1 135 46 15 2.2 29 
523 511 2.5 16.8 30.5 9.1 408.4 130 76 34 1.7 33 
532 521 3.8 16.4 33.1 12.9 389.6 124 80 22 2.1 39 
536 526 6.2 15.7 29.9 10.5 420.2 133.75 0 0 2.7 26 
462 455 3.8 15.0 25.8 9.6 377.0 120 131 40 2.0 39 
577 565 1.8 16.2 32.3 12.8 433.5 138 0 0 1.8 39 
532 521 2.3 16.0 30.1 14.4 397.4 126.5 97 22 1.9 33 
1533 521 0.8 16.4 35.7 16.4 446.1 142 21 30 1.7 38 
Appendix A 254 
Scots pine compression material (swnples 51 to 100) 
Density 
at test 
kg/m3 
Density 
EN384 
k g/M3 
Taper 
mm/zn 
Moisture 
Content 
% 
MOR 
at 12% 
kN/mM2 
MOE 
at 12% 
kN/mM2 
Circ 
mm 
Failure 
diameter 
mm 
Knot 
sum 
mm 
Max 
knot 
mm 
Ring 
width 
mm 
Age 
yrs 
525 513 1.7 16.8 29.2 11.8 389.6 124 96 25 1.8 37 
516 504 4.0 16.7 27.7 8.6 405.3 129 67 22 2.0 28 
539 527 2.7 16.5 26.6 10.0 392.7 125 17 9 1.9 28 
567 556 3.5 15.9 34.9 12.4 413.1 131.5 0 0 2.0 38 
604 591 1.7 16.2 38.8 15.5 373.8 119 0 0 1.7 36 
529 519 3.5 16.2 35.6 13.2 355.0 113 78 24 2.2 30 
574 562 3.0 15.9 36.1 14.6 386.4 123 103 27 1.9 37 
527 517 3.0 15.7 29.9 15.6 381.7 121.5 77 26 2.1 36 
569 557 2.0 16.2 32.2 10.2 392.7 125 126 29 1.7 38 
586 573 2.8 16.5 43.2 15.6 317.3 101 59 24 2.1 34 
561 550 3.3 16.1 35.3 14.1 383.3 122 0 0 1.8 36 
589 579 3.5 15.6 61.8 29.2 345.6 110 0 0 2.6 30 
596 582 2.0 16.4 33.2 15.0 408.4 130 123 40 2.6 30 
540 528 3.5 16.2 33A 13.1 410.0 130.5 73 23 1.9 30 
542 532 2.8 15.9 32.0 11.5 367.6 117 97 34 1.6 36 
506 495 3.5 16.2 34.3 142 402.1 128 79 23 1.7 33 
519 508 2.3 16.2 32.1 12.2 417.8 133 138 38 2.2 29 
521 498 3.8 21.0 26.9 16.4 428.0 136.25 0 0 1.9 31 
557 534 5.3 20.4 29A 18.0 417.8 133 0 0 2.2 27 
536 512 3.9 20.8 28.8 15.0 444.5 141.5 0 0 2.7 25 
596 583 4.0 16.4 37.8 16.9 348.7 111 0 0 2.0 27 
583 569 3.8 16.9 32.5 12.0 406.8 129.5 106 39 1.6 41 
536 513 3.3 20.5 34.2 16.3 408.4 130 0 0 2.4 36 
512 490 3.5 20.7 28.0 11.3 359.7 114.5 45 23 2.5 28 
531 507 3.2 20.8 32.8 14.0 391.1 124.5 77 20 1.5 44 
485 474 3.3 16.6 25.9 13.6 345.6 110 120 29 1.7 37 
605 579 4.2 20.7 23.3 10.2 370.7 118 0 0 32 
595 571 1.8 20.1 36.9 17.8 435.1 138.5 0 0 1.7 36 
551 527 3.2 20.8 27.5 14.5 411.5 131 0 0 2.3 33 
594 583 1.5 16.0 36.1 '13.2 361.3 115 81 30 2.3 34 
517 494 3.8 21.0 27.9 10.0 351.9 112 73 18 1.8 41 
568 557 2.0 16.0 35.1 14.9 386.4 123 51 15 2.2 35 
511 501 2.3 16.1 27.7 10.3 399.0 127 77 23 1.7 38 
579 554 2.5 20.6 31.8 10.8 436.7 139 0 0 1.6 39 
545 532 1.7 16.9 30.0 11.7 433.5 138 91 25 2.8 32 
553 542 3.7 16.3 36.0 11.3 356.6 113.5 41 25 2.0 36 
657 639 0.8 17.5 43.0 21.3 447.7 142.5 0 0 1.8 43 
537 514 2.7 20.3 29.9 11.5 381.7 121.5 44 15 2.4 27 
570 556 3.5 16.9 35.8 13.6 452.4 144 79 24 2.9 28 
447 436 2.2 17.0 33.2 12.5 452.4 144 97 28 1.7 37 
556 544 4.8 16.5 27.2 12.8 377.0 120 107 34 2.2 35 
503 492 3.8 16.4 30.1 10.9 405.3 129 67 24 2.5 24 
561 550 5.0 16.0 32.7 14.0 318.9 101.5 74 20 1.8 32 
514 492 3.5 20.6 31.0 10.9 391.1 124.5 86 21 2.2 32 
587 572 2.3 17.2 35.6 14.7 450.8 143.5 104 18 2.3 30 
494 473 2.7 20.6 32.4 11.9 331.4 105.5 13 14 2.7 23 
420 401 4.3 21.0 25.7 9.3 336.2 107 0 0 3.0 22 
466 446 1.0 20.3 32.1 19.4 322.0 102.5 0 0 2.8 22 
501 478 7.3 20.9 31.8 13.7 386.4 123 108 20 2.1 29 
1490 468 4.0 20.8 29.0 9.5 336.2 107 0 0 3.7 18 
AppendixA 255 
AppendixB 
Histogram distributions 
Scots pine bending material 
Age 
20 
is 
16 
14 
12 
10 
4 
0 
17.5 27-5 27.5 32.5 37.5 415 
Age (yrs) 
Diameter 
30 
27 
24 
21 
.G 
12 
9 
Z6 
3 
95.0 105.0 115.0 125.0 135. U 145. U 
Diameter (mm) 
ingwidth 
40 
36 
gn 32 S. 
E, 28 
24 
20 
0 
16 
12 
Z8 
4 
0 
1 19 2.0 2-3 2-3 2.1t 30 AA 151R 
Ringwidth (mm) 
Circumference 
20 
19 
16 
14 
12 , 73 
10 h9 
4 
2 
0 300.0 330.0 360.0 390.0 420.0 450.0 480.0 
Circumference (mm) 
KAR (knot area ratio) 
30 
27 
cq 24 
21 
Is 
15 
12 
9 
6 
3 
Taper 
z4 
0.00 . 
05 10 . 15 ZU . 231 JU . 33 
KAR 
20 
16 
12 
A 
1.0 2.0 3.0 4.0 5.0 6.0 7.0 
Taper (mm/m) 
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Scots pine compression material 
Age 
Ow 
iameter 
10 
14 
12 
lu 
4 
2 
0 
17.5 22-3 27.5 315 37.5 415 
Age Cyrs) 
Circumference 
20 
16 
12 
, 
ä, : 
20.0 350.0 380.0 410.0 4Z. 0 4700 
Circurderence (mm) 
KAR (knot area ratio) 
40 
36 
32 
29 
24 
20 
16 
12 
9 
4 
100.0 107.5 115.0 122.5 130.0 137.5 145.0 157-5 
Diameter (mm) 
Ringwidth Taper 
U 
F 
U. Uo U5 . 10 . 15 . 20 . 25 . 30 . 35 
KAR 
16 
12 
1.3 1.5 1. S 2. t) 2.3 2.5 2.9 3.0 3.3 3.5 3.8 
Ringwidth (mm) 
1., 
0 
E 
Lu 2. U 3. U 4. U 5. U b. U 7.0 
Taper (mni/m) 
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Sitka spruce bending material 
Age Circumference 
30 
27 
14 
12 
10 
9 
6 
4 
2 
o 
24 
21 
13 
12 
9 
z6 
3 
10.0 12.5 15.0 17.5 20.0 22.5 25.0 27.5 30.1 
Age (ws) 
iameter 
U 
E 
1 
E 
z 
Diameter (mm) 
ingwidth 
30 
27 
24 
21 
is 
15 
12 
9 
Z6 
3 
.U2.3 3. U 3.5 4. U 4.5 5.0 5.5 6.0 6.5 7.1 
Ringwidth (mm) 
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 
Taper (mm/m) 
Appendir B 
27U. 0 310.0 350.0 390.0 430.0 470.0 
Circumference (mm) 
KAR (knot area ratio) 
U 
E 
. 05 . 10 . 15 . 20 . 25 . 30 . 35 . 40 . 45 
KAR 
Taper 
30 
27 
24 
21 
18 
15 
12 
9 
ý?, 
3 
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Sitka spruce compression material 
Age Circumference 
30 
27 
. Z; 
24 
21 
is 
15 
12 
9 
Z6 
3 
10.0 12.5 15.0 17.5 20.0 215 25.0 27.5 30. ( 
Age (yrs) 
Diameter 
20 
16 
12 
4 
75.0 90.0 105.0 120.0 135.0 150.0 
Diameter (mm) 
Ringwidth 
30 
27 
24 
21 
is 
13 
12 
9 
Z6 
3 
LO 3.0 4.0 5.0 6.0 7.0 0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 
Ringwidth (mm) Taper (mm/m) 
24U. U 23U. 0 320.0 360.0 400.0 440.0 480.0 
Circumference (mm) 
KAR (knot area ratio) 
Taper 
E 
0 
0 
E 
Appendix B 259 
Appendix C 
Moisture content adjustment of strength parameters - 
a comparison of standards 
For sawn timber the European Standard used to correct strength parameter measurements for 
varfing moisture contents is BS EN 384 (1995). 
It gives: 
F2 = FI(I + k(p, - ýL)) 
where 
F2= adjusted parameter 
F, = test parameter 
k adjustment factor 
sample moisture content (1/o) 
reference moisture content (%), usually taken as 12%. 
If ýtj > 12% we find F2 > F1, while if g, < 12%, F2 < 171. 
Cl 
The role of the adjustment factor, k, is to alter the varying sensitivity of the different strength 
parameters with moisture content. 
Values of k given in BS EN 3 84 are: 
Mechanicalproperty (F) k 
Bending strength (f. ) (MOR) 0.00 
Compression strength parallel to the grain 0.03 
(fl, a) (UCS) 
Modulus of elasticity (E.,, E,, 0) (MOE) 0.02 
Density (p) -0.005 
Different expressions, equivalent to (Eqn 1) are given explicitly or implicitly by different 
authorities. These show a significant variation between them. Of particular interest is the 
American Standard ASTM D1990. This standard indicates that below certain values of the 
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MOR, UTS and UCS no correction for moisture content is appropriate. Above these levels the 
following formula is given: - 
F2 = F, + 
F, -B 1 (ýll - 112) C. 2 (B2 
- 111 
where 
PI ý moisture content I (*/o) 
112 = moisture content 2 (*/o) 
BI, B2 constants obtained from table 2.1 
Table C1 B, constants 
Property (MPa) 
Constants MOR ucs 
B, 16.6 9.6 
MOR - Modulus of rupture, UCS - Ultimate compressive stress 
Values obtained from USDA (1999) 
Values of B2 obtained from ASTM 1990. 
Table C2 B2 constants 
Moisture Content 
Constants MOR UCS 
B2 40 34 
It can be seen that the values of B, are chosen to be the threshold values. 
Equation C. 2 can be rcarranged to givc: 
(1-B, IN 
F2 = F, +F 
F, (141-142) 
C. 3 
B2-RI 
where (F, ý: B 
Comparing this with equation C. I we see that the place of the constant k in equation (C. 1) is 
replaced by: 
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BI 
CA 
B2 - ýtl i) 
It is interesfing to observe that the value of this term depends on the reference moisture 
content (m/c), lt2. Thus the dependence of ft SIjeligth propeifies on the varying m/c, III, 
according to this formula is not a linear one as implied by equafion C. I. 
It aPP= that this 
quasi-linear dependence of strength properties on the m/c is only an approximation. The 
formula for the standard is derived by fitting a straight line between the extreme parameter 
values at 9% and 23% moisture contents. For lumber :5 102mm thick that has been dried, 
6cstrength properties have been shown to be related quadratically to m/c" (USDA, 1999). 
Dinwoodie (2000) also indicates the non-linearity of the dependence of strength properties on 
m/c. Details of the percentage changes for MOR and MOE in bending are given in Table C3. 
Furthermore the formula C. 3 indicates that the constant k in equation (C. 1) also depends on 
the magnitude of the strength property, Fl. 
Dinwoodie (2000) has indicated an alternative procedure for moisture correction, as shown in 
Table 2. 
Table C3 Percentage change in strength and stiffness of Scots pine timber per 1% 
change in moisture content 
Property Moisture range 
6-10 12-16 20-24 
MOE 0.21 0.18 0.15 
MOR (bending) 4.2 3.3 2.4 
Size of changes 
With the exception of the density, the values of kin the British Standard (BS EN 3 84 : 1995) 
are all positive indicating an increase in the strength property with decreasing m/c to the 
reference value of 12%. To highlight the variation between the different formulae Figures I 
and 2 show the percentage change when the adjustments have been made from 20% m/c to 
the reference moisture content of 12% for MORB and MORC. 
Appendix C 262 
Percentage change for moisture content for modulus of 
rupture in bending (reference moisture content 12%) 
22 
21 
20 
19 
18 
17 
16 
14 
:2 
13 
12 
EN "I 
ASTM D 1990 
A Dinwoodic 11 
10 
05 10 15 20 25 30 
Percentage change (0/*) 
Figure 1. Percentage change for moisture adjustment to the reference m/c of 12% for 
MORB 
Percent2ge change for moisture content for modulus Of 
rupture in compression paraUel to the grain 
(reference moisture content 12%) 
22 
21 
20 
19 
is 
17 
16 
is 
:ý 14 
13 
12 
11 
10 
ASTM 
BSEN394 
10 20 30 40 
Percentage change (0/9) 
Figure 2. Percentage change for moisture adjustment to the reference M/C of 12% for 
MORC 
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